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3.2. HEE 25

Spain Japan

1 2 3 4 E & 7 a 9 10 1 2 3 4 5 [ 7 g g 10

c#c-Base —8—Rl —a R —+—R3 --#--Base —#—Rl —&—RZ ——R3

Xl 3.9: EHIMHEENP Ly 27— 2D : 7V —7RFETHRVEE (Base) £hd
N—TRETHBLE R1) DIFBALMY — 2B A HFAEMET T2, 2L, 7
W—=T7HNTHDAZa=r—varz7—LEicFd e, MiEEEE 2% (R2,R3),

T, ZHUTKT B 0ED & ZEANDIGREEFRIB 2 HET 2D TH 5, ZOFEEIL, IEHE
2 S L CES L 2 ERS OB L W Rtaz bo Lt b, A7uY
7 b DX IR R IR Z L T 3 EREER TR ITIULTE RS D TH 5, FhR
I, AL, ERETTY FHEISEL O IFERE CHE ) WHEIRI < 75 { &4
HEZLTWwEZE2RBT 5, IoICHERZNHET (MERREFE TSR L/
EEbIET 2L Ebic, ZoEEE (Bido) A7uY =7 b ORIEEE ISR DG
EHTICEED T 3 72 D 2D T3 (X310, 28 6 5),

3.2 HEEE

RIEFERIL, R EHZID2TODDRWEMTH S, Lo\ ORCI 1k, P AEDEE T
DHEEREBICHIIA, FE- b2 0EE L LTI R EREL LTHERICEbOE 2L
T, HZAWRE BTz, ORC2 1Z. ZABOHEEBIHICE ) 2HEEBRORN R L7z, #E
Bk, IRV NHOIEED & & TREGE - FEhE - b L7 (EMEL 72 FEBcpEicE 26
N EFHHE, B LOEBROROZHETHAEICT S N - Bk & BRI, B L
EHIT, B3FWIINDSENTVR3),
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°
—

0
Time (t) Yo70 1975 1980 1985 1990 e

3.10: ZEIX - IRFRERELF O BERE R IZIE 5 DT B (Frederick, Loewenstein and O’Donghre
(2002) 2> HAERR) . MEHHEIZED IR, fiedl i 2HE S N2 FEFS IR (=1/0+4E71513)) .
A IRE ST 254 2R G I BES (R, Hel3aERls K1) . Rias, T4
DFEFFFRER ERDBEATH LT 5L L THIRET 2B,

3.2.1 #HREMIHER

HEEBEOHMNIZ, ZRETIHHINTWE I LoM@E2HED 2 L L HIC, HZRETHHZ
NTVRNZEIZRAIDPELEETH D, - & ZFHREDSL X, HFIHEFIHE-THE
2l L, T 3B 2ZE L Climzitin L, T8 S AEE0—209 2 B cHLG [ 239481
THEHHAT S, LL, EBICETFLRBTIETIUL, HRIZTEGPET NS D TIlER\,,
HED DS, BB D72 6D D%l - [EHBREE B2 800 L. B 2 B0 B [ 35 1 BRI 2 585
IE5 LT, WODTHEIDHD Rl frbirs, FHELBIE, BRELZHGZTTIEIZDZ
EREMLTH, BRICSIMTIUIEMRRICEER L TS 27259 (3612, T
NBEI) —HIToNE0P, LWL EZIIHEIDBE TNk, ZEETIXIHE
WHHSI N TR W Z EIZOWTHH@ENEE 272 459), 2O L) ZHmAZ D> T, K
HETOWEFEE%Z ORC1 oA T R%Z L A0 oHTTE 7 (M3.11)

LoL., 32T 2HBOHRLEICK LT, P, BERNCHEGZ L o7z, Hifl
WHGE 2 L THM b2 %%ro70 35, FELLDL I, AXFF—FDOLEDPDT Y bD
k9% ERETHETT, HOND»S Ty FEBET IR EOFS R TR, 0K
ZORCI DL EP LI NT VDT, (1) FEICTHEERZERIE Q) LB LT —%
Z 5.2 (3) Hor Ofkh L 7- i O BEAHE AR % {9 2 3B % . B4 B 8E Lo T Rk%z L
BRSO ER LITo 7, FERIZHRFL 212 8D DTIZ o703, ZICHFEEZ L 20Tl
B LT XD BIEEENEE - (X3.12),
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3.2. HEE 27

3.11: BF GO EBRE S, SMERL V-, fiilllan s o GEEEERFTNEL)
THE L 72,

3.2.2 #ELHMIEER

Rl 2 AEAERYRIE TS 7 ufBt A, By A TG0 EREZT-o7 (X3.13),
X 5 I U % KEEL TSR L L C3Eti L. L NOBIE R &2,

(A). FRE IV A MDD L S N B FHATh | HE TP BB E Y ORI
DIHALE D bRHIT IS < & 26T 2 0 THEAERL 20 E E055 (F
3.14),

(b). BHETEAVELRHEIHEBT 2T, FRETRIAGORD D% k2503
NKFELTTVULA Y —DITER VDO ETHLEL RV E 0D 5,

PLEDRERIZ, 7 — L DFFRITIE U THE 2 13 2 W98 9250 & Al 3BT T E v
BHEBOEP GRS LI ICBbi s, 772 L, FEEREIER & BETRO I3 40 A HD
S b IRA 2 HED YD 2 DT, KEEL THE#SDOERZIT) % & LR DR E 2D
Tw5,

JRRD WA K 6T, BEEBROKRIZIEER D & RS 2 DT, HEIZ, ZDHIA
ERRER K ML T, BEFEBROFEM L EHASROMBIRICH 7o TR o v, FEER
DIIC 7 512 8, FEESNEZ 7 — L OFEICIL L TEET 23 TEEO 1T Coukwn
EDHERE 2 WEHICT 20, (7P 27 bOROEBEREELPHSHIZLTwE X)) HE
BT D AE & RO T 2w T, FEZRETEHEO T 203 FE L kv, B
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450
400

350
—TRRE
ano iy

@ 260
B ogp

150 —TR
100 EER

50

e &

Xl 3.12: P47 BB 22 EW] 100 A B2 558 D 720 A2320 AL 300 FHBA B2 558D 7
WADY10 AL 200 AT 2 S5 EH W ADI 15 AL 400 AL T 2 6 B2 w A2 15 A E T,
722 LaED 2Dl Lo 2 TE FH A, 25 2T, TG ERE & Az ¢
%, IR LD 7203, 1ZEAEDEELLDHIT v, 27 afRFFoR S % i L <
PR SR e & S E R OBR : SlIc oW T o R B2 &K L2244, Fo k)
7 BRI R BEICOR L TEF 2 6 ik v, iR ihAR & TS a5 & > T CBER T
HDZEDPTHELNEETIZZ <, MEFROIERWEFEZ R ATWE 06 THD (244ED E
DIZFETHHMHGIRRD TER) 230 Th, ROZPVWEE THEX) ol Thbs), Z
D EFTGFEEICSI L TH S i 2 g L 72 ETHR U TH 28, 1lihFEhR Ll
iz ol X, MR O EIR 2 B L CIEZERIE L35, 727X, Z2D70Xoh IR &
FME2EZZ 5L, BRFEICEDPN TRV EIZRADEER6 L, ErNTWEZ
ERMEIE A7 DT DLDITHGFEHF 2R T OIS LINBVES ), LiFWVwA,
ER2 BRI W EEBEZ 1S Lo/t ZERUL, 1FEAEDEAIFIARAEETDH
XD IR Z R 72w,
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3.3. 29

L FUH

1\'1-“"

SEgREE
| IEEEE

X 3.13: W0 RBRES, BHEEEEZ2EHL 2245 b0BBREZ X7 L TEMIC
AioTWw 3,

£ ORCT & ORC2 DEBEHEEOBHEZ F DB E L LT, SBRDORITEHE O & B
BAFE DR DG Z L RhTH 5,

3.3 MHREEAPFRR

3.3.1 FFELEWF & AHESE MM

MR DMETL I i3 2 BHIT T % 72 0 OMGEE) & . AMESE L BIAE DTS 2 3l 3 2 IS E & o
X EL L pEFRNL oD FEFEITo 1, FERRIE, KHEBENHOIEED b & TG -
FEfii « oM L7z, L 72 IMRTIZ. ATR-Promotoions BiEEIA X — v 7 vy D15 F
A IHETH 5,

SRERDFIE Pl id, MRI ZEDHICAD A6F 90 Mo “HIR—FEICEZ 5, #iER
ik, @8 (ReR 8000 M), ZHUER (40%. 80%. F7213100% @ 3 H¥H) . ZIH (%
H. 18, £k 2 8 1%) O3 DOTREO T S, #ilE L, 2L 218 3000 M%
M 100 =2 > FCTHHREZIF LS, & 18000 MZHER40 S—L ¥ N THHEZIT LS, D
WINDBHDICE S TEF L 0 ZEZ 5, 290 M) b 45 Mk, E#lo X Hic, ZHEI
Hix45 HCH U TR D Bx 238 IR 2 ik 4 2 Talbis, cbh b, EH D 45 fiE,
F5000 MZMEZE 100 S—t v FT1 HEEBICZITE 2 2 T6000 HA2EZR 100 S—€ v |
T2MMBICZIT E B, DX HIc, ZHWERIZ 100 /$—X > kTR U TZEUHH D ¥ s 2 53
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Experiment 1 Profit table
1

Player B

Nash ][ a [ 4 5| s el olw|nn]iz]ia] s
Equilibrium z 2 73 KFE K : : — . -1

Player|

‘ °I’lrtk:lpll\ts:C:lau:14("w
t LAB:58

| -All pairs are reshuffled
-| randomly

-All players’ decisions a
posted simultaneously

X 3.14: )L k7 v EEBROAGE, o7 HUERERSE EASELE (EX) ©ER%z
LCH, FIRICIGLE THED b g £ i3 F v > 2 98OOSR (3,3) BBIE I 115 25,
BN DN I WEETIE (2,2) HEBLT 5, BHw32 2iEL, HEBMZ2EIT) L b H
TP TFOER L DKL 23 2 LidZw, b L2MANDEZES & HTOEDNTIC
Lo THHTOREPMHFOREZ TR 2 AREEDLH 5, ZDI Lo, FHELBIE, (H
FHUHFAZOMGEEZRAL L) E LTV EWIHFEIHRT) AZDOHEERALT 20T
F7 L, HEREALTEIZ E 59 b HAD IR AT W E2HIEL CERIEL 72
tEZo6N s,
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Results (Blue-Green)

Self-projection

()

|rFIlrIIII

5@1‘

OFC

3.15: PHEFE WM 2% 5 X D AR O 23 5 & I 288 2o D9 & OFC,
striatum, PCC &, BEAWIZEIC 3\ TR 2 TBIMiE 2 B 9 2 & SIS
L7zt 3N T2 EEA 205, A 0EETIE, TWHIFTEZE-HIVATE-JHTEZE % »
7 — 7 1 IZJ&T % precunens, parahippocampalgyrus, PCC & X SHHID OFC D—{43,
fabrttieo & F X0 BTG L 72,

R % i 9% TIRES i) ©d %, #E 12, EBRBEFAOBMEN HEIC X > T, £TD
R L CIREICE Z % X 9 Ici#iko o n s,

EERDFER ARSI, TR oK (1 ER% ¥ 720 2 M%) oWl EEA
ZEZOMIET L, TEbRE TS (40% X713 80%) M EA L & E DOMNIEE)
DEME DR R ZT 2R T, Tkl CAMEELRHRMZIEA L L ZDIEH D TR
B CARKROMPIZIEAZ L 2 XD BAERICHIE L ZDIE, angular gyrus (BA39) TH D,
MRE RS CARBOMMZEAZ L ZDIF ) DY TEMRIE ) CAMEFE Ll 2 EA L L &
XD L EREICHIGE L 72D, parahippocampal gyrus 7% & ThH o7 (X3.15),

SEERDMIR kil & R biix . GEIEAE < DY) BHEREER b AMTTE) O EEM R

5 DIl D EIT YV 223, a%'eif%u%f%% ERTNRT S, Lodw Makbti, ok ?0)
(%9 DTS L 72 angular gyrus (BA39) 13, —iRICEIRZ T 5 & S ITEHLT 2 & S s
WCch D, TR O & E D13 ) MG L 7 TINMIATERZEMSATE - BHTHE R v F U — 7
3. BOORRZ™ED 2 CIZARKO HPMHAEHFCSIE IR S5 THERY
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Prospection

| L

Theory of
Mind G ,
> &
- g '.ih
B — P
<+,

avigation

| =
L ]
S e +_,ﬂa
=

3.16: HOHE bz, BEOHS2 6, WEDHS (remembering) . BFKDHS
(prospection) . AT OEEREICHET 21t (theory of mind) F 72138555 (navigation)
W9 2 L, FRIC prospection D & ZI2iE, GUiE & BE L TIROTEEIDEMETH 5, KKl
B D &I A3 prospection IZB4 % & T 4UX, HMETALELR LD TH A9,

(self-projection) ; (Buckner and Carroll, 2007) OMEHEMETH 2, T4abb. HOTOHM
ZARKD BB LR O fififi 2 HW L 72 2 & 2R % (1X13.16)

DLEomRIE, FAThF7eIc B\ IR il & D b —EAR < b F—f A2
TH =2 Z )Xo DENLELBRZHWIT 200 Lk, Thbb, KRz, %
DEEZEDOHL S & Z D70 DMReER THNETEEREE-HIEE Ry F 7 —7 ) DL
DT, BRI D 7 DFFRE X D b Pl DR TR ERF OO BHARIIRIE P B
B MR L. Z DR E UTALEIC R 2 AREDS H 5, Bl £UT 2 U)SIREf]EE
TEDMERRETHM & D AN ZE LB EBTETE R WD, BHRIKE L BbN s DT ZED 7
Vo ([A2] 5B 25 1 3,

3.4 IEFmIAE
3.4.1 ESTETIEEME

TSzl S HED S 225y EwIHaR7ud 27 FOHEICEHEL <. AMoZBRREIC
BhE T 2 oA 2D 7, AZ. BOOHE 2 ESLHTDOET 525205 L T
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3.4, PHREmHEZE 33

HODEERZPHTDET 2RRICOVTERT 2802 bD, 2D HERD S DBiH
(Hofstadeter 1979) B8 12 b D ARIZ, HOHHOBEMRECEEZHE T2, HOHHOD
BRREREEZAR T A AMOBRREIE, AR TELVLIERL—Y 2 v FoBERRE
EEIELD, ABD»O R AEZ0EIFAICED L) R E LS A 5Dh, T ORCI &
ORC2 ICHJE T 2 MBS CTH . EEEIIZE & & b IEFEBERIIZE 2 fi ) T & 7,

JUZHT1E. ORC1 DR (Yasugi and Oda 2002, 2003) % & 512D T, AR
ZTNLTYRLDRMPSHIET S L E, bW HARE LB ARERETH 5 FIREIEL
AT, FHRBIBOMIREZE £ 2 &\ ) MRERFEE DN EIC 2 5 2 LICHEHR L7z, MRERFEE
EBE T L D X OIBREERZ 3 L TR O 0 ) BIZIE L WIBREZ 152 2 & TH 553,
FERSINE b 72 & Z M7 b 2 A EQ CHIEHRIRIC W2 L &b 5, 77X LI
EIIZARREOMEE TIRIBICES R\ E FTH, EBRSINZ IZRE IS — L OREEIC
FOVTHHZRRT2LENHZ, 2O LF, T— 2V MTES>TOHEMREN: A
MIC &> COFEMENRLL ZE2RET S, TDIZ EIOWT, HRFDEHE L Z D
R ) RN 2B E2 R L0 5 2 L oRiilz NEOREEIIC kS FHREEED 2 8
7 MU ERERUIC X A HFRIEE DR D Z 4O R 2 HED TV S ([A12] 55 2 5056 4 75) .

3.4.2 HOHEBL

ANED TEZD 6 Ol sE i, BERREFEERZEHNTHU 7R E L TUIERHTE 2w
LRART 5, FED, LROUZGMHAFHT 22620400, KRS 22/
HFDIT O ZEEN TRA DR 2R R 72 LU, 20U ED X H IcEHI T I
UL X749 0,

BpEee 21k, DL EOREEGRICHED Z | transfer entropy 72 E TG ERIY 2fHERIC X o T,
PR D RIFIN 7o 6l A1 2 S LIEPEER - AHIN 72 > A 7 & 2 @' IWICEER § 2 Fik 2 %
LTw3, ZOFERZEH_2—I )2y P —=27IZEAHTIUL, —=2—7 0%y M, &
I NIy — VHOLEZEMORTIEEE LTERCPAL 72 TRWI Ay OREEE LT,
DERHEZ N 2 EEREICB» N THOZ5E> THHZE ) ) REE LTidda s T
HH), IHIT, TDLI) by, BFAFEBRICBITE22MNMED T — LERADKDER
Z I o ORI OB HICHTEETSH 5 9, B AT, B\ - N2 AT L D
RN XD HIEPICHMARICO RHINS Z L2 d o, RN DML 27 L
2036 ER OB H AL Z ZB T 2L AROET LV ZREL T3 ([A4], F2
GREE 3 EL)
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F48 REEEZE

4.1 HBE

4.1.1 BEFMHE

FRRE SRR, ORC1 OFERB L D k4 2 CiEEH L7z, B3 1H I L X5, &7
Oy b XAuoN—, HlE 22 3T, BRI D & EEADICHZHIE T D FT
B4 eI LT Frtao & % % i L A EB LB 257,

PR AZE1E ORC2 TE 272 DI S IR 7787578, B33 TlF L 72 X9
iz, RN W S 89 O % LT 7, FEERE SIS TR miEs vz, S
Bl z 7ay 7 - THA TS T TR, HORE L0 ) T O MR IO  FR
BT A v & L CHEBZFEBEL TOML 7 i, MEERED 2 WIS E O &
LTHILI LEEZ DD,

"EZ0 6 DR, &9 ORCIBBUECROAR 70y = 7 + OEEGRIZ. \WoZ H KD
LTz, 72 & 21X ORC2 TR 7 BiG B R U SR T R 2 U 7 A i i:, BREVEE O
HEoBHThh, RSO, THD, ATHSGPHTHIDET 2R ICD VT
72 5 REERETR E v AR, MEERE AL T b R S e,

4.1.2 BEZFHBE

FEERIC X DR R, PEL D OB PR E RO, Uo I E b i, ERICS
T2 2 LT, HRFICEIN TS Z L2 ERBRINICHR L 727210 ¢k, ERFICHEDINT
WL IZ EIZRD W, k2R ELBIE, BT OETLHE-AE LTSRS LT
SAEEIEE b Bk L Qe < TH MDA I HE | S L A il & a5 Feonsd 2 &
ERERT S L EDIC, ZUIERE TR I T A WA & EHRBREIIC X o TG 23k
PO oNTOENoREEL I ENTE, ThbbPELEIE, EIZK > T, BFE
DIEPTEZDLEEDITREFFRICOVTEZ L Z>hT 252007,

7aY 7 MiE, EERIC X 2R EE ORISR 2 IR 20U X o THIRDOFE
YHEDORM & LG e BEREROBENRDOIRAZES DI L7z, REBRIETHR 7854

39 / 304



36 WA R LREY

Rz, PBOPEICH L THN L ICTE R, TERED SHENMEZ AR LI RTvY
7 P ORI L TEERD 5% DFEIRIZEAEHER ) EEZ 2D, BENTE L\,
L2 L., BFEHBONREOIEIZORCL @ & ¥ X0 & REDOMBRIVIC 225 72, R
WKZLOEBNAEZERZ X0, FEIRICE SO CRER 2R T3 DEE L
VW, U2 & ORCT TIEAAHEE B 224 10§ 2 N E TORFE I & D
BNFAN DWW TEAED EBIN 2 e CHEZ R C 2 7217257228, ORC2 TIEFHEERTOEEO
LD E DDEBOIMRE % BRI X > THIE L -0 T, EBHEERRE L SBROABF X
FEOBRLZEREZD I B, (PP b - XU N—OHYT 25FH THEIC X 555
FHEZEAL TOIRPIREZLS BV, FHBEE KD 5 0IZ RO YT 5 R L e
HIZBADRH 2000 L\, Lo I FHE L2 2 LMW 20 0w iE
H ORC1 LKRE T 727223, 2D X9 2z R o o7 i BlSHOE L EZ 5N D
AEEZRRTIE, WIS BAEIC L 26BRZ TR Nk oz, L L., RIFEH
BRRBLTW2 LT TRIFEZHRL COHLEZTDES B\ OTIEAR L TREER
HEL TRV hSEZTBES B Db Litkn,)

4.1.3 MERESBH

BHLEE - LOE L B2 A TES > THLWRPAICED < D id,. ORC 75 3ZHk
WrEAR7aY 27 oK THY, A—T v - VY —F - kY —DEEICTH ) b D LHEE
T2, UL2ZWVORCT Tld, BHE 1 ADKEGEAE DS HHIPESE R E O L 7B 2 FH L
THR X SR S LS 2 R 3k, 2ol ORC2 IS5k, T4bb
ORC1 DARFHE (2002 4, MR (4 ) . HEFS2E (2003 45, 7 RZARE (%7
i) ) . PHEFERIE (2004 4F, HECRYE (T97)) . IR (2005 4, KBORY: (BFF) ) .
AN CGREERZE (RRIES) ) IChtE. DITO34n 70y 7 b6 O Dift & 52
B2Z ) Ciio EE%2 S o525 3k,

BE)IIEGE (2007) @ “ Experimental Economics and Small Decision-Making Problems” | Uni-
versity of Western Sydney, Australia.

FAREN (2008) : “ Evolution of cooperation with reputations: simulation and theoretical
studies ” | FUEARFR DS 2 7 LAFHRLADTER

KEFRER (2009) TEEBREF AL —a—nxT 0/ 27 A2 K 3 BIEEFER O | sHbE
FERARAGErEF AT IE R

INGDEFIBIZ, FTET 2 R CIIREERRFER L2 02 T2 52 Rt L . 1§
TR BRI E7-0DKEE L2 i, IREER 7Y 27 P ELTEDIRERK
RTh 3,
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4.2. AR 37

D EDWFRE BRI S SRS T 2 B TH % 035, HAPEE R PR ABER T it B
EOTHEMBRETH 7z, U > I WHEEPPEERYFRAGREE FAIF7e R & - T, Kk
FRIZ 7 AES D O SHISETH D, #1O TOHAPHHRE SR BIIFEE PDSHE TH 5,
iU, TaP 7 Mk o THEEERFZD A - BEEDRFEBRIE AL WL LWy %
T 2EEE2 G2 o 2 LA, (EFEEDOD R WEAFEER O R TIEAE L
BH %) BREEROZHROKS 2 702 7 MITSINT 2MUK2EDO T TS 2 K FhiE
WX > THENEG SN B2 T TH %,

TaY 7 i, WNFESOEA LN S DR EL2 L TEESE 2L L. B2
BB D 22 > THERZBE D BB WRICHER L 2D, H o OAREERIIZ HD 5 L),
FLOREGHEOD D 2R L, HHEERACHOE ST, Rz & D £ < BEEI3
Lw2d, oS Ltz 5% LT o2 ) DFEL L7z,

4.2 KRB S

4.2.1 BEFME

A7y 7 ML, EHOEL 2B OBAERE TS 2 AR E & L TZANRT, E
Bt At 2 Hee %2 (3 o 7o, ZTAURSRIEHHOE D TH D EEED X I IO A %
EF7hs, Tuy ey PR OB LSRR X R RS S Z 2B L 0,
ez e L THEE S5 2 LN TS, Lo X\ ORC2 OWFZEMIRIA 3 4 & A

ZEEBZIERUEB RV, BHBEOMIXDE 1 ORCT DHEHRIZE I D TH
D. ORC2 TR 72213k D b D%\, &30 2222 7 EEHCE I ORC2 D
BRI Z TWE DT, TELZRTELS 7aY 27 b THEIE L Z2HEDTER & R D
TEIRT 0,

MEERRTA 3. B0 (BlEE 1 AH 010 M) Lo, s RO Bl
EMHEEGROEZ D DKRE VL, 207D, FEADZFADBEBKRIZHE > THEANDREZ LT S
Fwvd kD IEOREIC T AEHE VIR D RT v, ZORPTHRELZ T39I
k. TohBESE ARRERGHHIRD 6N D, K0P 27 b OMBREF AL D . 2008
BN ETH - 2ERmZ2 1R TEhhrol, 2007 EEE TOEBE RIS L
WTERVE E, B#T 2872278 (Weber and Huettel 2008, Luhmann ef. al 2008) %3
EAEAREBINLDRFET 2D o7 BAEDPESZST, TEAHEITHRLB
TEDWF % BRI, ROMIEITHER T\,
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gl

38 54

4.2.2 BEFHEB

EEHE 22 RV P E DRI & B e BEEBFROBBENROBARZFHES I L 72DIEA 7 1
P FPOBETHED, TEEITIUT IO LI EEEZIT0EY, ToZ W0
W x2E Z D DETORE E LT, HEMROME IZEMN 22D 0 b EHNZR S Db Byoy
DL RIC#EL <, AaeICit 2 2 28 sC D KBS F TIIZEDSSEE L T,

FEETHE OBURIZEL L v, P47 6 DFEF I L O 3 BR & PR S IEH ICIRER T
b5, BE LOWHED 72 ITIEFEEEERFREFABICEHEGO b Db HiuL, b-o & — Mk
DHHZBIDLBH L5 9, BEMBOWUIE & BEEDEAFED 72 I IFHRBEN 722 BGH A 2306 5
BOT, A7aY 7 METHOE 2T, K & TR%Z 20 Tilf%e & L CEFBERICFETR
INBHDICTHELEDIC, BIRROSGEIZHEHES>H ) TH 5,

4.2.3 MEESBH

EERFEE 7Y 27 FEE 1 Aot (ORC1 @ 5 4EMT5 4. ORC2 D 34ERT34)
DEENTDIZBRTH B, 612, Zno DELSHIGESUIEEE IR 2 5T, f%E%
T Twa 2 EBEIX L (ORCT TOELSIE X W EL2EDED 2\ IFHEEPT
H D, ORC2 TOHUSHE bHUS#H 72726 Itk 2 H T\ 2), -7k, 7uy =y
FOIRABEAE DRI Z L S, PD S (Fuy 7 P T ERRES L 7)) AT E L
DMHER L ZRBICZ L D, HIEROZHDOHEDOREIC T ICEHIRTE o -
CETHB, a7 FIIENT AMREORTESSHIPENIC S (FE v L — PREERE
O R E T) EMIIC D CORLRZER D & BIRLRIIZET £ T) Ao/ 2 L 2R L
LTIEHTE 2 X9, FieBD EMHE b > THEDOHIEZ D 2% ED =y b7 —
7R, MMEEEIEE L Tw > 29 ORERZ HIE L 720,

4.3 FTEHERE

4.3.1 ZEEHSHENMAZZATZH

HERBMEMA % ED X ISR CRER VD) oW Tk, F328io%EEB®RS T T
7 55 3.1 HiDWFEEED» 5 b % DR Z1S7,
FTEBSINFEDOERRZDO T TOEEHIZOBT, A RTET Fy b —2HNADY L v
< DFER (B 317H) RETRHFEEI—Y 2 bOBEIRE L DIRIC X > T, FE)E
fFoFEER (55 3.1.10 i) 72 ECTIEEHRITIC X > T R4 kiR 2 7,
FERSMEDRZRIZOWTDERIZOWTH, BEERICE T2 HEND 5 0IEHEN:
K4 BlZRIT A, BRA 2FRE2AFEETEZ, &, VY—20NOERIREZ KD
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“Does T.earning Fconomics Affect Students’ Cooperative Mind?”

14.30-15.00 74 —7 L4 7

15.00-17.00 BASKRE - XV~
Al EBER (HEBEESE R

1. Nick Feltovich (77857 4 —V K%, A4 ¥V R)
“Payoft levels, loss avoidance, and equilibrium selection in the Stag Hunt: an
experimental study”

2. Nick Feltovich (787 4 — VY K%, 4 XV R)
Closing comments

BHES (REH18:00~) 24:¥3000 —f% ¥ 5000

60 / 304



A3, HENEH 57

FERBES
“Understanding Economic Behaviour: Observers’ Description, Par-

ticipants’ Introspection and Brain Activities”
20084 3H27H (&) —28H (%)

HHSEE R ERRE A — 7 ) —F kv ¥ — (REMNFEE/DNHFI) 12200943 H
21 H (). 28 H (&) OWiH, FEEREFY M0 7 — 272 ay 72 ML £7,
CHIEINFEFTDOL =TV H—F vy =BT SRR £ 5B O DH 7= I F g
I 72 HINE §2 5 D TT,

1 H H & University of Aberdeen @ Nick Feltovich [k, Universiti Sains Malaysia @ Ch'ng
Kean Siang G, Adel Tajasom I, Zainal Ariffin FC23%Z 412 11D SEERIHZE & MRERET 58
DERZFHE L., EHENTOPFZRRIICOWTOERISIG . 3, 72 al#EH RO M
TR AR D R b BRI NE T,

2HHRBEA =7V )Y —F v F—2hiTbn e £ I X 2 2NN DOWIEEIC X
L HIENEE &K 2 OBEFEo L E 2D £3, 70l AT OME) T,

7072 LT

Kyoto Sangyo University, Kyoto, Japan 27-28 March 2009

Meeting Room 1 Building 5 (Economics, Business Administration)

March 27 9:00~9:30 Welcome Address

Sobei H. Oda

10:00-12:00 Session A

A1. Nick Feltovich (Uniersity of Aberdeen)
“The role of strategic uncertainty in games: an experimental study of cheap talk and
unstructured bargaining in the Nash demand game”

A2. Ch'ng Kean Siang (Universiti Sains Malaysia )
“Gift Exchange Experiments in Malaysia”
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13:00-16:00 Session B

B1. Adel Tajasom and Zainal Ariffin Ahmad (Universiti Sains Malaysia)
“’Neuroleadership and Decision Making”

B2. Zainal Ariffin Ahmad, Rapida Saimi, Adel Tajasom, and Hazim Omar (Universiti Sains
Malaysia)

“?Research on Decision Making (Neuroeconomics)”

B3. Zainal Ariffin Ahmad and Azura Abdul Halim (Universiti Sains Malaysia)

“”Showcase: Neurosciences in Business at the Human Development Lab”

16:30-18:30 Session C

C1. Kazuhito Ogawa (Osaka Sangyo University)
“’Tabor” in the Experimental Dictator Games”

C2. Hiroyasu Yoneda (Kyoto Sangyo University)

“f MRI Experiments on International Preference and Decision-making Under Uncer-
tainty”

C3. Jiro Okuda (Kyoto Sangyo University)

“Prediction, prospection, and planning”

March 28

10:00-12:00 Session D

D1. Yasuyo Hamaguchi (Nagoya City University)

“The Mixed Effect of Voluntary Revelation: Evidence from Threshold Public Goods
Game Experiments”

D2. Nariaki Nishino (Tokyo University)

“Feconomic Experiments on Club Member Service of Movie Theaters”

D3. Yuichro Yamada and Fizo Akiyama (Tsukuba University)

“The effect of headline news in experimental asset markets.”

13:00-15:00 Session E
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E1. Jinyoung Kim (Kyoto Sangyo University)
“Departure time choice under early and late penalty”

E2. Ryohei Haitani (Kyoto Sangyo University)
“What Students Learn from Market Experiments and What They Don’t”

E3. Takemi Fujikawa (Universiti Sains Malaysia)

“Fxperimental Economics and Small Decision Making Problems”

15:30-16:50 Session F

F1. Yoshio Tida (Kyoto Sangyo University)

“Whose income do you compare yours to?: a questionnaire investigation of real refer-
ence groups”

F2. Mariko Yasugi (Kyoto Sangyo University)

“Cognition of computation by limiting recursion”

A4 TH
A4l FTHEEOHE
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BESP| HiE 0 0 0 0 0 0 0
Ef £ 0 0 0 0 0 0 0
8 | axfmi 0 0 0 0 0 0 0
et | 19,480 | 19,480 0 0 0 0 0
FE | MiEx 0 0 0 0 0 0 0
Efz AT 0 0 0 0 0 0 0
9 | & 0 0 0 0 0 0 0
F [ HrgeE | 14,543 14,543 0 0 0 0 0
B o fiEk 0 0 0 0 0 0 0
’52‘2 AT 0 0 0 0 0 0 0
0 | &xfi 0 0 0 0 0 0 0
F | wree | 15,013 15,013 0 0 0 0 0
" JHiR% 0 0 0 0 0 0 0
e [ 0 0 0 0 0 0 0
%A A fi 0 0 0 0 0 0 0
72 | 49,036 | 49,036 0 0 0 0 0
o5 49,036 | 49,036 0 0 0 0 0

SRR 20 AEEE ISP E R,
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A.4.2 WEREZRFBEBOWE

ORCl1 THEHFH LA =7V - VY —F - ¥ — (65Tm?) DEEZE Kyoto Experimental
Economics Laboratory(KEEL) (75m?) & SEEHEfZE (25m?) Do —i%z ORC2 Bilth

P BEHT LTI L 7o, BT L 7@l A T ool ) Tdh 5,

fh4 I Hm REGT

EiEsinEH PC ThinkCentre M52 Small Celeron 29 I
D 336

FEERE PR — N — IBM xSeries Model 25X 2 Hefifi =

FERE RSN PC TThinkCentre M52 Small P4 2 HEfif ==
630/XPP

ALy FITNT > A 3 24 port 10/100 Catalyst 2 Fhs=
Switch

T — RNV FL—% YAMAHA NetVolante RT47i 1 HEfifi =S

EFEBISED ORC1 20 5 #kfE U 7 R & L O HRMEHEFE D&, B, ar, Haidi o

WHThbB,

N— R =7 Ak
\EZ % B
wEE ST =% MTtsubishi RDT 152X 26
= N— - VEEH PC HWAYE =% Mitsubishi RDT 1839 4
VARG &R Fuji Xerox DocuCentre Color 320 1

CP

o (EHR=E)
e LS B
FEEH T A 7 F 71 29 DS20LN-MB51 28
T AT I8 7 71 7 DSOOP 28
TR G FHh LT CG14GZ-FM36 28
A x5 57 9304H7-MB51 1
A A 1 *HhLJ CS25GS-FM16 1

fhan (G =)
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i 8% A JEEhECRR
SLEZ uLkis o
OA 7—7L 45 L7 D3’’EP-MB51 2
i1 FH 5 CG14GZ-FM36 6
Rl A7 F 75 DS16LD-MB51 2
F74 FAR—=F F 7 o 4380FB-HO1 1
AT =7 F 7 257 8176BT M937 1
FHA (H 1 ) #7525 J 6L52DA-Z13 1
NR—F 4> ayv 2
AV B3R
SLEZ % B
Wi 7aY 2% i MAT D-3100 1
Hlj A X7 R MAT DMC-27X 1
ETE Ty ¥ £ 7 % — HR-DVS2 1
Ty T aAVN—=E — T HZIILT— DSC-06U 1
hey b Ty ¥ AT &4 RS-BX4010 1
RGB A4 v F ¥ — ATTINEX MX2416RM 1
NANRG =TT AT A WA-H120 1
JAYXYL A=y b A TSR WA-XUO01 1
Fa—F—a2=v b AT &% WA-D4000 1
TAXY VAT VT F AT A WA-4950 2
TAXYLATA 7 (v FHY) A N EE 2R WA-4100 1
TALXLARA T (¥4 EVH) T A WA-4900 1
AE—=Hh— (KHIHmH ) N TS WS-A35H 2
A —H— (f#@&)‘l&) AT WS-6500A 4
100 4 ' FHEEIRA 7Y — F—x 2 ET-V100S 1
PRI A F¥ vy E %y b (ki) 1
RGB Zrlic a8 ALTINEX DA1907SX 1
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A.4.3 FERIZHEE
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AERE SR 18 4EE
/INEHE S i R
T2 il | ek | FENE
BB WFREE
THEEM 2R 2,992 | FEEFTHIEAEN 2,992 | EEWSEHE, V7
R i
HEOKE 0 0
TS E 2 89 | WL 89 | Mg ERLE AT
FII il LA Ee 0 0
Tk A8 T 1,302 | %242 - WIS 1,302 | EINHRE, SHERE:
W - 2Rk 2,733 | BB EE, BRARORSY | 2,733 | BRI, 52
et S PSS
(EfFRH 1,387 | fMRI 2 {E {5 F k) 1,387 | fMRI % & {5 F ik
af 7,136 7,136
T4 SRR
NS HY 0 0
€z
HE WA S 0 0
it 0 0
RIHBERR I (1 85213 1 #L DAY 500 T RO D D)
BB WZE B 0 4,518 | FEEERH Y — N 4,518 | = HEEH ¥ — ¥
J—FrNyayv
B 0 0
it 4,518 4,518
IR % v 7 Bt
VY —F - 7 RZ b | 2,256 | geBRE A, FEEED | 2,256 | AN 2 A
i
RAR - F7¥— 7,680 | FEERELSRE B, BB | 7.680 | AN 2 A
RIS
W SR HE e 0 0
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EERAN Pz S TRNE
HEWEREE S
NER STk 524 | FEEFHITHFM 524 | AR, 7
VA %
N K E 0 0
TS i 15 | EHERH 15
FI il A2 0 0
RS 981 | W4 - 981 | EIWNEKE, AHEIKE
W - Z=E0R 2.041 | BEBREEE:, BRERORSE | 1,399 | BRBRE SR G .
e T PSS RS
(EfERH 701 | fMRI 25 {E AR} 701 | fMRI 25 (& {5 A i
it 4,262 4,262
T4 SRR
NEE S 0 0
(GEBsIRE)
HEMIEREE S 0 0
it 0 0

A BEAR S H (118 303 1 A O Afi% 23 500 1 PR D

50)

BB WHZE B0 214 214 | / — Ay ayv
B 0 0
it 214 214
IR 5 v 7 BIfRH
VY —F T ATV | 2,383 | BERE LR, FEB | 2383 N2 A
figh %
RAb - F7¥— 7,680 | EEEBHRREOE | 7,680 | FN2 A
H, SEERGUERE TR,
SRR EE S
e SR e e 2 0 0
at 10,067 10,067 | “#N 4 A
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AERE SR 20 4EE
R S \ Rlele \
ERA T S T N
HEWEREE S
THFEM 753 | IR 753 | AR, R
VAR AV =]
Bk
B EpUILIE= 15 | WHERE 15
FI il A 100 | AR 100 | WFFERRAR S EE AL
Jic B A8 i e 1,885 | & - WIie 1,885 | EINHKE, AEIKE,
eIk
W - ZEek 1,814 | @& MO EBEZELR 1,814 | FEERShE ~ D,
FIREN—F 7
DR
(EfER 0 0
it 4,454 4,454
T4 SRR
NFE S 0 0
(GBI ER)
BB MR S 0 0
it 0 0
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it 0 0
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T 8B AR

ARiElE, 7uay =7 FORAA v N—E RA (B 2.2Mio/NH - K - R - Th & - Al - B
VR - HEEF AR AR - BRI - - oK - KD 14 4) o 7m Y =7 FARIC BT
WHBFZFEODTORT, Thbb, FAB70Y 27 MARITSIL TWw»5 & FICHMmbD
WIS CHRE L MG B L OE 2. WA LESDOHFTORC2 LR 2007wk
RIfRIC, AROPEZ LITRT (FHESL - MEEH/DI B, LR 1441 TRE2MAT).,
CoXWHBADEDRENEDESICLE LD ERET 2HBWEETH 5 ) 212, WIS
B EHREDRAEPH Z Z L2 X @\ﬁ%momuﬁm$®omu@ﬁnw%®ﬁi’
RE L CHERZIES 2 Eid, 22> CRENTERKICR S, UTo—&iX, ORC2 DifZE
W%@~%TH&((7UV¢7F®£%@&%M7D/17F%Tﬁuﬁﬁéhéfﬁé
I). TaP Vb Xun—p7ruy ey MHBEICE T AR EREEI R T LD TH S,
7272 L. FHOHMPIICE T 2 BEMIEER 2 EIIFEF R L EERICBE L Z ) b ewvd
DHIERL 728, MgEMIcb A7 27 MICBRL AW ERDN S DIZEIEL 72,
BE T, A2 TREINZDDOTHZ (LR LAROERII 7B 27 b - X N—
DOHCOHEGICHE-D ), HMIERERICOWTIE, AROAMBERL -0, EESHELIEO T
FTRTEEGE L,

B.1 XZE

71 Sobei H. Oda(2007 editor): Developments on Experimental Economics: New Ap-
proaches to Solving Real-world Problems (Lecture Notes in Economics and Mathe-
matical Systems, Vol.590), Springer-Verlag, Berlin-Heidelberg, Germany, 2007.

72 M - SR GR - f#30)  (2006): T7 =59V ALoelthet | Al CH
B 309 H.
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68 1 % B  WFEEUE
B.2 #HX
B.2.1 #WE#HX

% A1 Takakazu Mori, Mariko Yasugi and Yoshiki Tsujii(2009): “ Fine-computable func-

tions on the unit square and their integral” in Journal of Universal Computer

Science (to appear).

*x A2 /NS (to appear):  TAIFEREF A IIREFTAICHBN S 2 2> 2 — R L&A O MRI
Fhaplc, , T o270 /M /e %538 (B4 °5) 133-139
9520 1=

x A3 Yasuyo Hamaguchi, Toshiji Kawagoe and Aiko Shibata (2009): “Group Size Effects

bl

on Cartel Formation and the Enforcement Power of T.eniency Programs ” in Inter-
national Journal of Industrial Organization, vol. 27, pp. 145-167.

22 TR 2 B
x A4 Takayuki Nozawa and Toshiyuki Kondo (2009): “Construction of Reversible Tattice

Molecular Automata” in Mathemalical Logic Quarterly, vol. 77 (no. 77), pp. to

apper.
o5 2 05 3 =

x A5 Fuyuki Yoshikane, Takayuki Nozawa, Susumu Shibui and Takefumi Suzuki (2009):
“An analysis of the connection between researchers’ productivity and their co-

authors’ past attributions, including the importance in collaboration networks”
in 79, vol. 1 (no. to apper), pp.

x A6 Takakazu Mori, Mariko Yasugi and Yoshiki Tsujii (2008): “Integral of two-dimensional

b

Fine-computable functions
pp. 141-152.

in Flectronic Notes on Computer Science, vol. 221,

x A7 Takakazu Mori, Yoshiki Tsujii and Mariko Yasugi (2008): “Integral of Fine com-
putable functions and Walsh Fourier series ™ in FElectronic Journal of Theoretical
Computer Science, no. 202, pp. 279-293.

x A8 Takakazn Mori, Mariko Yasugi and Yoshiki Tsujii (2008): “Effective Fine conver-
gence of Walsh Fourier series” in Mathematical Logic Quarterly, vol. 54 (no. 5),
pp. ©19-534.
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x A9

* A10

x All

Al2

* Al13

x* Al4

x Alb

* Al6

* A17

* A18

Shinsuke Suzuki and Eizo Akiyama (2008): “Chaos, oscillation and the evolution of
indirect reciprocity in n-person games " in Journal of Theoretical Biology, no. 252,
pp. 686-693.

Shinsuke Suzuki and Eizo Akiyama (2008): “Evolutionary stability of first-order-
information indirect reciprocity in sizable groups” in Theoretical Population Biology,
no. 73, pp. 426-436.

VEEFIRIA - B - ANHFE R - BHSEXR (2008): Ty b7 — 7 ST IC
B AASELERT coBBPvE L8 L 7aw 2, T IR S GRS
FH49% (B4 5) 1527-1538 H.

S\ (2008):  NEFEE ROFHREBERICOWT - FRBREBEA 5D - |
P ¥refimay 85 XXXV & (RERAT A NI T2 ) 199-209 H.

o5 2 A 4 7

TEARARFT « BILTE= - B (2008): Ta v ¥ a—& —506 : # L WHEERSHT

~OEFE, TRFXIF—1 (642 5) 29-32 H.

BEHHGT- - SRR - BERE (2008): T2 BBz E T 5 ¥ —7 — FIAf A4 —
7y avoiRE, , Tavva—%y 70275 $H25% (45) 60-67 H.

WIS E - SRR - B (2008): T — LBENRIE D 7 & O B2 4 FBREATHE
BA—2vav AN RL0RE, , TavEa—y 77271 §25% (54
7)) 199-207 H.

Kouhei Tyori (2007): “Prisoner’s Dilemma Network: Experiments and Simulations”
in System Sciences for Fconomics and Informatics, edited by Shusaku Hiraki and
Michinori Sakaguchi, Kyushu University Press, pp. 35-49.

22 e 5

Sobei H. Oda and Gen Masumoto (2007): “A Note on Schredelseker’s Model: Pri-
vate Information and Inference about Inference” in Information, Interaction and

(In)Efficiency in Financial Market, edited by Michael Hanke and Jiirgen Huber,
Linde Verlag Wien, Wien, Austria, pp. 37-61.

Sobei H. Oda (2007): “Formulating Non-proportionally Growing Economies: A
Generalisation of Pasinetti ~ s Analysis” in Bulletin of Political Fconomy, vol. 1
(no. 2), pp. 129-159.
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A19

x A20

x A21

x A22

x A23

x A24

x A25

fF 8B WFERE

Shinsuke Suzuki and Eizo Akiyama (2007): “Evolution of compassion under un-
repeated interaction” in Advancing Social Simulation, edited by eds. Takahashi, S.,
Sallach, D. and Rouchier, J., Springer, pp. 273-282.

Nariaki Nishino, Sobei H. Oda and Kanji Ueda (2007): “A Study on Decision Mak-
ing and Tnstitutional Design in Recycling System: An Analysis about the Market
for Collecting Used Units” in Systems and Computers in Japan, vol. 38 (no. 8),
pp. 20-31.

Ryoko Wada and Sobei H. Oda (2007): “Separation of Tntertemporal Substitution
and Time Preference Rate from Risk Aversion: Experimental Analysis with Reward
Designs” in Developments on Fxperimental Fconomics: New Approaches to Solv-
ing Real-world Problems (Lecture Noles in Economics and Mathematical Systems,
Vol.590), edited by Sobei H. Oda, Springer-Verlag, Berlin-Heidelberg, Gernany,
pp. 131-136.

Takemi Fujikawa and Sobei H. Oda (2007): “Judgement in Small Decision-making
Problems” in Dewvelopments on Experimental Fconomics: New Approaches to Solv-
ing Real-world Problems (Lecture Noles in Economics and Mathematical Systems,
Vol.590), edited by Sobei H. Oda, Springer-Verlag, Berlin-Heidelberg, Gernany,
pp. 149-154.

Nariaki Nishino, Hiroki Nakayama, Sobei H. Oda and Kanji Ueda (2007): “ Re-
cycling of Durable (Goods: Modeling and Experiments” in Developments on Ex-
perimental Economics: New Approaches to Solving Real-world Problems (Lecture
Notes in Economics and Mathematical Systems, Vol.590), edited by Sobei H. Oda,
Springer-Verlag, Berlin-Heidelberg, Gernany, pp. 197-202.

Hiroyasu Yoneda, Gen Masumoto and Sobei H. Oda (2007): “How to Use Private
Information in a Multi-person Zero-sum (Game” in Developments on Fzperimen-

tal Economics: New Approaches to Solving Real-world Problems (Lecture Noles in
Fconomics and Mathematical Systems, Vol.590), edited by Sobei H. Oda, Springer-
Verlag, Berlin-Heidelberg, Gernany, pp. 239-244.

55 2 TiE 6 T

Kazuhito Ogawa, Kouhei Tyori and Sobei H. Oda (2007): “A Price Competition
Experiment Between Middleman: Linear Function Case” in Developments on Ex-

perimental Fconomics: New Approaches to Solving Real-world Problems (Lecture
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x A26

x A27

x A28

x A29

x A30

x A31

x A32

71

Notes in Economics and Mathemalical Systems, Vol.590), edited by Sobei H. Oda,
Springer-Verlag, Berlin-Heidelberg, Gernany, pp. 245-250.

Atsushi Twasaki, Kazuhito Ogawa, Makoto Yokoo and Sobei H. Oda (2007): “Re-

inforcement Learning on Monopolistic Intermediary Games: Subject Experiments

and Simulation” in Agent-Based Approaches in Economics and Social Complex Sys-
tems IV, edited by Takao Terano, Hajime Kita, Hiroshi Deguchi and Kyoichi Kijim,
Springer-Verlag, pp. 131-139.

Nariaki Nishino, Yasuyuki Okawa, Sobei H. Oda and Kanji Ueda (2007): “An Fx-
perimental Analysis of Environmentally Conscions Decision-making for Sustainable
Consumption” in Advances in Life Cycle Fngineering for Sustainable Manufactur-
ing Businesses, edited by Shozo Takata, Yasushi Umeda, Springer-Verlag, pp. 407-
412.

o5 2 HReE T

WpEae - TR - FEHIERH - PR - HIRADE - E%— (2007): TEY %R -
MOT, £&F, AERPBOEREMIRRAREFREDO A Y X 29 LK I NNZAD0EY
FZAZ) v 7 G ), T R - A%Es o5& (GE1 5)
35-54 H.

Shinsuke Suzuki and Fizo Akiyama (2007): “Evolution of indirect reciprocity in

groups of various sizes and comparison with direct reciprocity ” in Journal of The-
oretical Biology, vol. 245 (no. 3), pp. 539-552.

Mariko Yasugi, Takakazu Mori and Yoshiki Tsujii (2007): “The effective sequence

4]

of uniformities and its limit as a methodology in computable analysis 7 in Annals

of the Japan Association for Philosophy of Science, vol. 15 (no. 2), pp. 99-121.

Bram Cadsby, Yasuyo Hamaguchi, Toshiji Kawagoe, Elisabeth Maynes and Fei
Song (2007): “Cross-National Gender Differences in Behavior in a Threshold Public
Goods Game: Japan versus Canada” in Journal of Fconomic Psychology, vol. 28
(no. 2), pp. 242-260.

Shinsuke Suzuki and Eizo Akiyama (2007): “Three-person game facilitates indirect
reciprocity under image scoring ” in Journal of Theoretical Biology, vol. 249 (no.
1), pp. 93-100.
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* A33

x A34

* A35

A36

x A37

* A38

* A39

* A40

x A4l

£ 8B WHZERE

Takayuki Tto, Makoto Yokoo, Shigeo Matsubara and Atsushi Twasaki (2007): “Im-
plementing a strategyproof greedy-allocation combinatorial auction and extending

to ascending anction” in Systems and Computers in Japan, vol. 38 (no. 9), pp. 44-
51.

Yasuyo Hamaguchi (2007): “The Mixed Effect of Voluntary Revelation: Evidence
from Threshold Public Goods Game Experiments ” in Developments on Fxperimen-

tal Economics: New Approaches to Solving Real-world Problems (Lecture Noles in
Fconomics and Mathematical Systems, Vol.590), edited by Sobei H. Oda, Springer-
Verlag, Berlin-Heidelberg, Gernany, pp. 163-167.

Yoshio Tida (2007): “The effect of the Inter-gronp Competition in the Prisoner ’ s

bl

Dilemma Game ” in Developments on FExperimental Fconomics: New Approaches
to Solving Real-world Problems (Lecture Notes in FEconomics and Mathematical
Systems, Vol.590), edited by Sobei H. Oda, Springer-Verlag, Berlin-Heidelberg,

Gernany, pp. 157-162.

HFEF (2007):  THBRE SEER A o 78 S AR SEE Ofifiig B I BT A8
ISR EZE) 8 10% (5525 ) 57-69 H.

W& - KRR E - SR (2007): TEBESGEEHEICES e L F Y 2 v M
BRAAIRE =L a 7 @l 777 VRS . T B HEREEAS TR GEL 585 J90-D
% (59 5) 2314-2323 H.

Kazuhito Ogawa, Yusuke Koyama and Sobei H. Oda (2006): “A Middleman in
An Ambiguous Situation: Experimental Evidence” in Journal of Socio- Economics,
vol. 35 (no. 3), pp. 412-439.

Fuyuki Yoshikane, Takayuki Nozawa and Keita Tsuji (2006): “Comparative analy-

sis of co-authorship networks considering authors’ roles in collaboration: differences
between the theoretical and application areas” in 68, vol. 3 (no. 643-655), pp.

PEEFERIA « @ 1-FaF - ANHR e - BHSER (2006): Ty b7 — 25081209 T
BB A EAIEN TR & BB TE), , T EELBE A SGE) B 478 (BB 5 )
1473-1482 H.

FIAREA - FKILE = (2006): "% ANET IV — 7 N T OB EM: D #E(L : Standing
FPHIERE DRI | T IERAPH A SR SGEY B 4T (BB 5 &) 1463-1472 H.
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x A42

x A43

x Ad4

x Adh

* A46

B.2.2

B1

B2

* B3

IR - BERE - HIRSL (2006): TREAZIMICHEEZHIAEEA—2va vy 7
0 a)VORE LT Ny FAY A BT a b an, , T IERLEEEA R SGE
Hark (55 5) 1406-1414 H.

A R - BRFEEL - IR (2006): TRZEHEAMLICHE A AE T — sy 2y 7

0k 3V ORRE LG Ny RV A A7 a b a, | T IERLEE A ARG
Hark (BB55) 1406-1414 H.

MFEE - Vincent Conitzer « Tnomas Sandholm « KHERS - SIRE (2006): 522
LEIUTHEE AT A =2 > a vy 70 b 2L OFRE LG : N L4 XfE
ge7'a bajny T IEROEERmGEs 8478 (555 5) 1406-1414 H.

RERZAT MR B - R H IR (2006):  TGreedy 2224 TFEIZHD € Strategy-
proof ZilEE A =2 av 7 bar Nl LT 7 e Fal~ofiiE, , T
TIEHCEE A CEE D-10 55 J89-D % (BF 5 %) 943-953 H.

JiERAE, - FEHIER - BpERsE 2 - HIRADE - B%— (2006): "X —7 — FOBSHE
BEBB LY INAMBY AT LD, | T HARRBEEMR 7 72 1 260 B
18 (%62 %5) 299-309 H.

PARD a7

VTREIZ - AR - B2 (2009): THECS 2 SRDEB 2R 0 [FIAE ) in T2
21 [IFHEN H Byl A B ES AT L s & VR Y 7 Ly pp. 293-298; presented at
P 21 MR E BRI A S A T L - YR Y Y b R

BPPERE 2 < SEREILZ (2009): TAHRTHY - ISR 722 > A 7 A —BEEIX 3 OFRHEO 1T ) in
P35 21 [BIEHA A Bl A2 B AT L - > v R P77 L pp. 75-80: presented
at U255 21 [MIEHINH BhFAEIE S HEDES AT L - v RP D L Gl

Sobei H. Oda, Gen Masumoto and Hiroyasu Yoneda (2008): “Private Tnformation
and Inference about Inference” in the proceedings of the AISB 2008 Symposium

Logic and the Simulation of Interaction and Reasoning ,
(http://www.aish.org.uk/convention/aish08 /proc /proceedings/09%20Logic%20and
%20Simulation/12.pdf)

, presented at AISB 2008.
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Yoshio Tida and Sobei H. Oda (2008): “Does Learning Economics Affect Students’

Cooperative Mind?” in the proceedings of Workshop on FExperimental FEconomics,

Education and Neuroeconomics , pp. 165-175; presented at Workshop on FExperi-
mental FEconomics.

Yuko Sakurai, Yasumasa Saito, Atsushi Twasaki and Makoto Yokoo (2008): “Be-
yond quasi-linear utility: strategy/false-name-proof multi-unit anction protocols”
in the proceedings of the 2008 IEEE/WIC/ACM International Conference on Intel-
ligent Agent Technology ., to appear, presented at TAT-2008.

Yuko Sakurai, Atsushi Iwasaki and Makoto Yokoo (2008): “Keyword Anction Pro-
tocol for Dynamically Adjusting the Number of Advertisements” in the proceedings
of the 2008 IEEE/WIC/ACM International Conference on Intelligent Agent Tech-
nology , to appear, presented at TAT-2008.

Naoki Ohta, Vincent Conitzer, Atsushi Twasaki and Makoto Yokoo (2008): “Anonymity-

proof Shapley value: extending shapley value for coalitional games in open environ-
ments” in the proceedings of the 7th International Joint Conference on Autonomous
Agents and Multiagent Systems , pp. 927-934; presented at AAMAS-2008.

Yuki Orii, Takayuki Nozawa and Toshiyuki Kondo (2008): “Web-based Intelligent
Photo Browser for Flood of Personal Digital Photographs™ in the proceedings of
International Workshop on Web Intelligence (IWI'08) , pp. 127-130; presented at
TWI08.

Toshiyuki Kondo, Osamu Amagi and Takayuki Nozawa (2008): “Proposal of An-

ticipatory Pattern Recognition for EMG Prosthetic Hand Control” in the proceed-
ings of the 2008 ITEFE International Conference on Systems, Man, and Cybernetics
(SMC2008) , pp. 897-902; presented at SMC2008.

Toshiyuki Kondo, Daisuke Hirakawa, and Takayuki Nozawa (2008): “Sustainabil-
ity and Predictability in a Tasting Human-Agent Interaction” in Lecture Notes in

Computer Science , pp. 505-506; presented at the Fight International Conference
on Intelligent Virtual Agents (TVA0S).

Takayuki Nozawa and Toshiyuki Kondo (2008): “Information-theoretic characteri-

zation of relative and fluctuating system-—environment distinction” in the proceedings
of Artificial Life XT , pp. 791; presented at ALife XI.
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B12

B13
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* B1b

+* B16

* B17

* B18&

ANHSEERME (2008): TREIFFEBRE LT =2 —aAf X =Y v 7 in T4 R HARS:
RE TR pp. 227 (108%) |, 48k CD-ROM (G30) ; presented at TZE{KRPE
T4y .

PEEPERHE - NG - EHSER (2008): THEEYINIIIC 8 1) 2 T8 A0 B Ak
E EFEATIBEEICB T 20980 in TEE 3 MIHAR LCA 220 FHLR S pp. 254-255;
presented at THARLCA S£AWERERLHHETE,

PILE=, FHHAS (2008): "7 —fF FHREE 7 — L1128 1T 2O in TThe
Proceedings of JAWS 20081 pp. 1-8; presented at Joint Agent Workshop 20087 .
o5 2 HRER 8 B

PILE=, FHHAS (2008): "7 —fF FHREE 7 — L1128 1T 2 MO, in TThe
Proceedings of JAWS 20081 pp. 1-8; presented at Joint Agent Workshop 20087 .
BTy, (L, JRERE BKLEE = (2008): THEIBREGA - BFIAD 7D 2 o
L — a VBB GPGSIM DBd%) in TThe Proceedings of JAWS 20081 pp. 1-8:
presented at TJoint Agent Workshop 20081 .

BTG, SF0 3 . HalE= (2008): TRABE Ry L7 —2 L X vt — D
ey P =7 ORE L, Z OREFERE ) in TThe Proceedings of JWEIN2008
pp. 57-64; presented at THAY 7 b7 = 7R EE 2 v b7 — 7 DA% T 2 HIREIHIE
REIMT =7 ay Ty .

BN, S, FEE, AREIRA (2008): TETC #iiltT — £ 12 X 2 Rl sl] 2
Y 7T OD sGHEHEE ) in TEF 28 A8l T2t 9e 564480 pp. 52-; presented at TZ5
28 I8l Tt ge s R im Uil .

IR - TR - BPEREE 2 (2008): THHIX T 2 A A O [AlIRF 2 I B 1) %5k
TTOMHNEDZNE ) in U5 9 REHAHBEIHIHYER S AT L4 v 7 7L —2 a Vi
AHHEZY (S12008) 4 pp. 5-6; presented at T2 9 [MIGHAIHBflHIAES AT L4 V7 7
L — a v ERMRE 2 R S

K2 - B2 2 R REZ (2008): TNA A 74— F XNy 7 2RIl LIcv ¥ —T
A VAV MY AT HZBET B0 in THCT20081 pp. 87-92; presented at Tk 2 —
RUAVI T 2= AT Y RI T L2008 L Ey .

BEsE R - BypEEsE 2 - SERERLZ (2008): THHEE(E 5 2 FIH L 7o B i pe i S S ig o
AT LDFEZE) in THCI20081 pp. 909-914: presented at Te 2 —=2 v A V¥ 7 = —
AT VAT L2008 iy .
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WpEasE 2 < SRRELZ (2008): TR Lattice Molecular Automata 128 1) % H CUAl
fRALREE DZ M) in T 20 AR AT L - VR T Y Ly pp. 187-192;
presented at TE 2 —< A4 V¥ 7 2 — AT VRY 7 L2008 im Xy .

x B19 Nariaki Nishino, Yasuyuki Okawa, Sobei H. Oda and Kanji Ueda (2007): “An Ex-
perimental Analysis of Environmentally Conscious Decision-making for Sustainable
Consumption” in Proceedings of the 14th CIRP Conference on Life Cycle Engineer-
ing , pp. 407-412; presented at Advances in Life Cycle Engineering for Sustainable

Manufacturing Businesses.

x B20 Makoto Yokoo and Atsushi Iwasaki (2007): “Making VCG More Robust in Com-
binatorial Auctions via Submodular Approximation” in the proceedings of the 22nd
National Conference on Artificial Intelligence , pp. 1679-1682; presented at AAAI-
20017.

B21 Eizo Akiyama (2007): “Wechselseitige Zusammenarbeit von Handelnden mit beschrank-
ter Rationalitat” in Proceeding of Symposium zur Grundung einer Deutsch-Japanischen
Akademie fur integrative Wissenschaft, hrsq. won Daiseion-ji e. V. und der Wil-
helm Gottfried Leibniz Gemeinschaft e. V., J. H. Roll Verlag , pp. 173-192; pre-
sented at Symposium zur Grundung einer Deutsch-Japanischen Akademie fur inte-
grative Wissenschaft, hrsg. von Daiseion-ji e. V. und der Wilhelm Gottfried Leibniz
Gemeinschaft e. V., J. H. Roll Verlag.

B22 Yoshio Tida and Christiane Schwieren (2007): “Contributing for Myself, but Free-
Riding for My Group?” in Proceeding of The 11th FExperimental Social Sciences
Conference , http://21coe-glope.com /topics/schedule.doc, presented at The 171th
Experimental Social Sciences Conference.

2 EH 9 E

B23 Fuyuki Yoshikane, Takayuki Nozawa, Susumu Shibui and Takefumi Suzuki (2007):
“An analysis of the connection between researchers’ productivity and their co-

authors’ past attributions, including the importance in collaboration networks”
in the proceedings of the 11th International Conference of the International Society
for Scientometrics and Informetrics (ISST 2007) , pp. 173-192; presented at 1SST
2007.

B24 Takayuki Nozawa (2007): “Top-down construction of reversible cellular automata

with relatively stable structures” in the Abstracts of International Symposium on
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B27

B28

Dynamical Systems Theory and its Application to Biology and Enwvironmental Sci-
ence , pp. 67; presented at International Symposium on Dynamical Systems Theory
and its Application to Biology and Environmental Science.

HFFE T - AN —1 - DR (2007): THRE R E 2 —Y 2 by S a b —
¥ a I X B REBPEBRRD SN in TTAWS 20071 , (USB X € U Ik 6pages);
presented at TEFZ—Y 2V 7 =72 ay 77& VAT 7 L2007 i XHEy .

VREYRRIE « KINZEE - ADHZE A - BHSEXR (2007): TwVFi—Y v by ia
L—3 a v L s I o 2 BRI E IS B 2 BRI TN O 0TS in TTAWS
20071 , (USB X & Y IZULER 8pages); presented at THFIZ—Y 2>y b7 =2 ay
T &I VRT T L2007 G

PEEPERIE - 1Bt - NS - EHSEXR (2007): T9 v F2—Y 2V FETI
2RIty b7 — 7RSI B T 28 o) in THAISHBEE
222007 FFJEES ) pp. 318-319; presented at T HAIGHEEL 2 2007 4F S A58 T
Mtk .

&PV - PREPRRIE - NSRS - BHSEXR (2007): TRy U — 24T I B T
HAEARER T COFRBMEANBE T 2BERE : vV F—Yc v by Tal—
voa v L EEEEFER ) in T2007 SEEEAN THIBE A2 2E K% , (Paper No.2C4-5);
presented at 2007 4FE AN TAHIRE A 2EIRES (5521 M) Gy .

W - B - NI (2007): TR T 2 BB B AR O Al & BREE SR
IZ & 23R, in TS120071 pp. 59-62: presented at FEMHHIHBEHIMHIAES > A5 4 -
TEEGEB P~ iTsE 2 2007 fw >y .

WL - T2 (2007): TAIEYE 2 i 2 7o B CARR LRSS 2 FEBL9 5 Wi CA
DL, in IEFAZ—Y 2y b7 =72 ay 7&T VAR P 7 A 2007 (TAWS2007) 4
pp. 8; presented at TR L—Y 2y b7 =272 ay 7&> v AP 7 4 2007 (USB
A E VI g

BppERsz 2 - P - S RA - IR - HIRADE - =% — (2007): T 7 NAND
HAIHEERIOBIEICEED K A Y ¥ 2 7 ARE UL FIE MG in TSRS
55 69 [ E K21 pp. 199-300; presented at TEEALEEY- 45 69 [l ERK &R
XA Vol.4yg .

PRz 2 - PR (2007): TILE T ORHMEDIZEE O A ENE I MU 58
B9 25001, in TE5 54 [0 HARMFAERSSMIER S0 pp. 113-116; presented at
F5 54 [ H AR MR AR IREE MU R 2 FE R T
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Yohei Kaneko, Nariaki Nishino, Sobei H. Oda and Kanji Ueda (2006): “Analysis of
Purchase Decision Making: Network Externalities and Asymmetric Information”
in Intelligent Autonomous Systems 9 , pp. 515-522; presented at [AS-9.

Yohei Kaneko, Nariaki Nishino, Sobei H. Oda and Kanji Ueda (2006): “Economic
Behavior in a Market with Network Externalities:An Analysis on Decision-making
under Incomplete Information” in Proceedings of IAREP-SABE Conference , P083
(CD-ROM), presented at TAREP-SABFE Conference.

Nariaki Nishino, Yasuyuki Okawa, Sobei H. Oda and Kanji Ueda (2006): “Does
Self-Interested Behavior Stop Before Exhausting Environmental Resources? Exper-
iments and Simulation with T.ong-term Common-pool Resource GGame” in Proceed-
ings of IAREP-SABE Conference , P015 (CD-ROM), presented at JAREP-SABE

Conference.

Nariaki Nishino, Hiroki Nakayama, Sobei H. Oda and Kanji Ueda (2006): “The
Role of An Independent Recycling Dealer in Durable Goods Recycling: An Analysis
with Simulation and Economic Experiments” in Proceedings of 6th International
Workshop on EFmergent Synthesis , 53-61, presented at TWFES06.

Shinsuke Suzuki and Eizo Akiyama (2006): “Evolution of compassion under un-
repeated interaction” in the Proceedings of the First World Congress on Social
Simulation , pp. 65-72; presented at WCS52006.

Makoto Yokoo, Toshihiro Matsutani and Atsushi Twasaki (2006): “False-name-

proof Combinatorial Auction Protocol: Groves Mechanism with Submodular Ap-

proximation” in Proceedings of the Fifth International Joint Conference on Au-
tonomous Agents and Multiagent Systems , pp. 1135-1142; presented at AAMAS-
2006.

Naoki Ohta, Atsushi Twasaki, Makoto Yokoo, Kohki Maruono, Vincent Conitzer
and Tuomas Sandholm (2006): “A Compact Representation Scheme for Coalitional

Games in Open Anonymous Environments” in Proc. of Twenty-first National Con-
ference on Artificial Intelligence , pp. 509-514; presented at AAAI-2006.

Hiromichi Kimura and Eizo Akiyama (2006): “Grand Canonical Minority Game
with Variable Strategy Spaces” in Proceeding of the 19th Annual Conferences of
the Japanese Society for Artificial Intelligence , pp. 291-301; presented at Annual
Conferences of the Japanese Society for Artificial Intelligence.
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B41
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APl - VEETPRRIA - NS - RHSEXK (2006): TR SR 2 Ml 7 A et
HFEORMBREITE 54/ <=2 2 VAR, in 52 FEEES > K29 AH
RO EM T — REBRER & ARRIE L — 1 pp. 61-62; presented at T 2 [[E[FF> >~
B2 L HARD BT — BRI & HERILARA L — i oiam U R iy .

AP - VEEPERIE - NS - EHSEXR (2006): TRy v — 7 AHESE 2 4 D T
BB 2 EA O EEE BT 2058, in THARMWYAS2E 16014 > 7
VP2V b s VAT L VERIT Lg pp. 49-50; presented at T HABEMFEEH 16
[A YTV 2y b - SATL - vy RY Y Nl

IRE, FKILEE= (2006): TRAFY b7 —2TEIcE T % 2 5 L 3 HHDOBIRD
HEE D&Y in TThe Proceedings of TWEIN20064 pp. 97-104; presented at T'H
K7 b2 T7RE AR Ry P — DRI AR AR 2V — 2> ay Ty .
ANHEGE, FILEE= (2006): THAROHKXTHICE T2, VT IP 2V AET IV
DOFBHTI 1 in T'The Proceedings of JAWS 20064 pp. 1-8; presented at FJoint Agent
Workshop 20061 .

FRAREAN, KIS = (2006): TDynamics of indirect reciprocity in three-person game

in THOHE 7 AL L R8RS R Y7 o (BHERORY L ZDIGH) fiXH
pp. 209-216; presented at TEFHE T L & FIEERS VR Ly .

ARAHEGE, BALDE= (2006): REIETEICH 2 L —4—Df78); in THEEE T AL

ERTER Y v R Y A (BHERORIA L ZDIBH) s pp. 209-216; presented
at THOHE 7L LIRSV RYT L g

PpEEE 2 (2006): THfik )L 7 « A — b= F BT 250588 — VY EEEDERICD
W in FEFESEE Y2 IFIERTEIFEZ (NLP) 2006-063 pp. 35-40; presented
at TF7EEH, Vol.106 (no. 126)J .

Z DAt

Fizo Akiyama, Ryuichiro Tshikawa, Yohei Kaneko and Jeffrey J. Kline (2008): “A
Simulation Study of Learning a Structure:Mike’s Bike Commuting ” in Feconomic

Theory, pp- 29.

SR (—EBEEE)  (2008): TEENTAOGHEATRERG, T gk S — 200
8 5 K ZoBFIEBLLAW! g HAF G, 30-31 H.
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it 8B WHEER

JUIZHRIT (—EBEE)  (2008): "7 —F N OASERMEER Z Uil cdh 22>, il
Thwhy THEIERYE 2008411 H5s , 4 v A4k, 54-55 H.

AN (2008):  TEEEBAESH 6 HEEA  HHEEHOWMFF 5 2 &, , T Lib:
AR A 5535 & (BT 5) 34-35 H.

Yasuyo Hamaguchi, Ryuichiro Ishikawa, Masayuki Ishimoto, Hiromichi Kimura and

Tadanobu Tanno (2006): “An Experimental Study of Procurement Auctions with

b

Leniency Programs 7 as Competition Policy Research Center Discussion Papers

no. 24-E.

NS (2006):  TREFFFAEEICE T 295 (5 —2) ORI, |, SRR
FDH#EERE S () T BEEYEED & v P H#EER A DRy, TSR A
BL XL Vv AXELy Y — 7882 H.

hitp : | Jwww.kyoto — su.ac.jp/outline/excellence/pdf |2007aizen.pdf

FHEF R < EIFA - AR A - AR - 85T (2006): TV —=x v > —iilED
B oHT ) TR | RE &3S BORMTt & v ¥ — « HFEFZEHRE s |, no. CR0O3-06.
IR (2006): TREFFEEICBIT 258 (F—2) OFH, , BHEBEERY:
FD#EERE S () T #FEREDO L~ b B FEEREDRA- |, HHFEE KA
BL7kL vy AXELy Y —, 7882 H.

BRILZE= (—EFEE)  (2006): T &9 USRIt 03N 2 0> #h g3

s - ZERARIANORRE ) T IR A & TR | B, 45-52 H.

B CEHBEE) (2006): "TADZRLTHA vy UHELRFEAENY R Ty 70,
N7 Hi bR, 581 H.

= =l
IR
EREE

P2 - RIRELZ (2009 4F 1 H 22-23 H): TR - @R 72 > 2 7 L —BREGIX
TOREOF, , TE 21 MEHIEBHIE A AT AT L - v R T Ly B
e b &AL
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D10
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PEARTESE - KHER - BT - SIREC- BEE (2008 4F 10 H 29-31 H):  THillfY
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I—Yzv b7 =07 ay7&IVEYTL2008 (JAWS-2008)s K7V v A
KT,

SRR - IR - R - B T (2008 4E 10 H 29-31 H): THlAREA—2> =
Y DD DRBELFRERRE 2 A D = X LD, TAHZ—Y v b —7
Tay P& VRY L2008 (JAWS-2008)y KH 7Y Y AF TV,

PeigeAesls « RIHERS - BT - AR MR E (2008 410 H 29-31 H): 79—
7 Bl o 7 IS A BREAN TR R BN X ) = X L D85y, TARlZ—Y = v
F7 =22 ay 7& VAP TL2008 (JAWS-2008)5 KHEZ'Y Y 2K 7L

RIS E « B 7 - SR - BB (2008 4F 10 H 29-31 H):  Take-It-or-Leave-It
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T&IVAY T L2008 (JAWS-2008)3 K7 ¥ A KT )L,

BT - SARSERES - BiRRE - Al (2008 £ 10 H 29-31 H): T ¥ 27 % —
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& v AY V52008 (JAWS-2008)s K7 ¥ ZAF T )L,

RARHR - AR E - AlE - BT - BERE (2008 4F 10 H 29-31 H): THE)
ANZARLTH AL N & BRELFIAMNTAE G A — 7 a v A D=L D
B, TARL—Y v b7 =22 ay 7&¥ VY AP 75200 8 (JAWS-2008)4
KTV v AF T

FRILBE= - HHAE (2008 4E 10 H 29-31 H): T= 7 —ft EHEZF Ty —LIcEIT 3
HEEDMEL ), Tloint Agent Workshop (JAWS 2008)s Kt 7'V v Ak 7V

KRR - ARG - AR BREE (200849 H 2-4 H): THEIXA A=A LTV
A VI K BBE{FEAICHEE A A =T a v XD = AL DOWEE, | THT
[EEREEEAT 7 4 — 7 & (FIT-2008) 1 BEMEZRARFMFEIEIR ¥ v v S .

KEHERS - VAl - AR - BEREEL « Vincent Conitzer (20084E6 H 11-13 H): THE
FEEATIRES v 7L A M« BABE COW 177 — LI E 1 2RI FKEL K iF ]
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KARHR - AR E - SRS - BIREE (2008456 H 11-13 H): THEIX A= L7
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VEATESE - oK SE - BIRAh T - KRIHERS - SiREc- BEE (2008 4 6 H 11-13 H):
"TANLHBYREERE 70 77 LHEER Y —VOBEFE, | T 22 A LAIRES
KREEREZy L EbiRA—n (BI) .

AN (200845 H8-10 H): THEFFEERE L TCh=a—af x—y v 7, I
4 FIHAERE LA RE s P ERR2EY.

FRILEE= (2008 4E 3 H 27-28 H): TR E OREI DI —1E Lk ivzhd, | TAL
HIRE A RHGE AR — A > A T LA 81 MIFFE T8R4 (JIHE - WD & thex, 2 v
P —7) 1 BERY: (BHiAF v v o8 R) .

KRS - Aol - AR - BERE EL « Vincent Conitzer (2008 4F 3 H 25-26 H): THE
ZOBBREICB T 27 —bico0nTy , THAARL =y a3 v X - Y —F2¢
22008 FEEFTHA L S HHEIFRRABERY.

KA+ ANHR T (2008453 H 23 H): TREAAEBROBEMIR: PEPFERZ L
EIR T by, THS 12 LRGBS RO

EOAREA - BERFERL - BlzE= - KRR (2008 4E 3 H 6-8 H):  "Neural Basis of
Social Cooperation with Reputations , FEHESY — L BE5mY — 27 > av 7720081 i
AR,

JZHF] - (2008 4E 3 H 4-5 H): TANEBERIB DGR ATBEME D T35 + MR B £
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TEAS] - EIREAS S - B R L - S5 IRT X - Vincent, Conitzer (200735 10 H29-31 H): "E#
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Mo _Rvravery—.
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WHEASE - IS - B - David Kempe * Mahyar Salek (2007 4E 10 H 29-31 H):
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752007 (JAWS-2007)y Mo xrravery—,

FHIRTER - #is— - B E - AIREC (2007 4210 H 29-31 H): "= F 12— = v M
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Yuko Sakurai, Yasumasa Saito, Atsushi Twasaki and Makoto Yokoo (9-12 December
2008): “Beyond quasi-linear utility: strategy/false-name-proof multi-unit auction
protocols” presented at 2008 IEEE/WIC/ACM International Conference on Intel-
ligent Agent Technology (IAT-2008), Sydney, Australia.
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Yuko Sakurai, Atsushi Iwasaki and Makoto Yokoo (9-12 December 2008): “Key-
word Auction Protocol for Dynamically Adjusting the Number of Advertisements”
presented at 2008 IEEE/WIC/ACM International Conference on Intelligent Agent
Technology (TAT-2008), Sydney, Australia.

Fizo Akiyama (5-7 December 2008): “Evolution of Strategies in Noisy Leader
Game” presented at The 7th International Conference on Computational Intelli-

gence in Fconomics and Finance, Kainan University, Taoyuan, Taiwan.

Jinyoung Kim, Fumitaka Kurauchi and Nobuhiro Uno (16-20 November 2008):
“Analysis of Road Performance and Traffic Demand Variations by the Seasons”
presented at The 15th World Congress on Intelligent Transport Systems, NY, USA.

Takakazu Mori, Mariko Yasugi and Yoshiki Tsujii (23 August 2008): “Integral of
two-dimensional Fine-computable functions” presented at Fifth International Con-

ference on Computability and Complexity in Analysis (CCA2008), Arcadeon, Ha-
gen, Germany.

Yoshio Tida and Sobei H. Oda (17-19 July 2008): “Does learning economics affect
students’ cooperative mind?” presented at The International Conference on FEdu-

cation, Economy and Society, Novotel Paris tour Eiffel, Paris, France.

Ryohei Haitani and Sobei H. Oda (17-19 July 2008): “What Students Learn from
Market Experiments and What They Don’t” presented at The Paris International

Conference on Education, FEconomy and Society, Novotel Paris tour Eiffel, Paris,
France.

Ryohei Haitani and Sobei H. Oda (25-29 June 2008): “What Students T.earn from
Market Experments and What They Don’t” presented at The 15th World Congress

of the International Fconomic Association, Tstanbul Convention and Exhibition
Center (ICEC), Istanbul, Turkey.

Hiroyasu Yoneda and Sobei H. Oda (25-29 June 2008): “Towards an Understand-
ing of Choice Under Uncertainty and Tntertemporal Preference Within a Unified

Framework: An fMRI Study of Risky and Intertemporal Decision-making” pre-
sented at The 15th World Congress of the International Fconomic Association,
Istanbul Convention and Exhibition Center (ICEC), Istanbul, Turkey.
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Mariko Yasugi (26-30 May 2008): “Effective uniformity and limiting recursion in

computable analysis” presented at Workshop on Constructivism : Logic and Math-
ematics, Kanazawa Bunka Hall, Kanazawa, Japan.

Naoki Ohta, Vincent Conitzer, Yasufumi Satoh, Atsushi Iwasaki and Makoto Yokoo
(12-16 May 2008): “Anonymity-proof Shapley value: extending shapley value for

coalitional games in open environments” presented at 7th International Joint Con-
ference on Autonomous Agents and Multiagent Systems (AAMAS-2008), Estoril
Portugal.

3

Sobei H. Oda, Gen Masumoto and Hiroyasu Yoneda (3-4 April 2008): “Private
Information and Inference about Inference” presented at AISB 2008 Symposium

Logic and the Simulation of Interaction and Reasoning, University of Aberdeen,
Aberdeen, U.K..

Hiroyasu Yoneda and Sobei H. Oda (27-29 March 2008): “Towards an Understand-
ing of Choice under Uncertainty and Intertemporal Preference Within a Unified

Framework: An fMRI Study of Risky and Intertemporal Decision-making” pre-
sented at The Fourth International Meeting on Fxperimental and Behavioural Fco-
nomics (IMEBE 2008), University of Alicante, Alicante, Spain.

Nobuyuki Hanaki, Ishikawa Ryuichiro and Eizo Akiyama (13-15 March 2008):
“Tearning GGames” presented at The Third International Nonlinear Sciences Con-
ference, Tokyo, Japan.

Hiroyasu Yoneda (16-17 February 2008): “fMRI Experiments on Intertemporal
Preference and Decision-making Under Uncertainty” presented at Workshop on

Experimental Fconomacs, Economics Education and Neuroeconomics: Understand-
ing Fconomic Behavior: Observer’s Description, Participants; Introspection and
Brain Activities, Kyoto Sangyo University, Kyoto, Japan.

Sobei H. Oda (16-17 February 2008): “Opening Address: Viewpoints for Under-
standing Human Behaviour and Economic Systems” presented at Workshop on
Erperimental Economacs, Economics Education and Neuroeconomics: Understand-
ing Fconomic Behavior: Observer’s Description, Participants’ Introspection and
Brain Activities, Kyoto Sangyo University, Kyoto, Japan.

Hiroyasu Yoneda and Sobei H. Oda (16-17 February 2008): “fMRT Experiments
on Intertemporal Preference and Decision-making Under Uncertainty” presented at
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Workshop on Experimental Economics, Economics Education and Neuroeconomics:
Understanding Fconomic Behavior: Observer’s Description, Participants’ Intro-

spection and Brain Activities, Kyoto Sangyo University, Kyoto, Japan.

Yoshio Tida and Sobei H. Oda (16-17 Febrnary 2008): “Does Learning Economics
Affect Students® Cooperative Mind?” presented at Workshop on Fzrperimental

Economics, Economics Education and Neuroeconomics, Kyoto Sangyo University,

Kyoto, Japan.

Takayuki Nozawa and Toshiyuki Kondo (5-8 August 2008): “Information-theoretic
characterization of relative and fluctuating system—environment distinction” pre-
sented at Artificial Life XI, , Winchester, UK..

Atsushi Twasaki, David Kempe, Yasumasa Saito, Mahyar Salek and Makoto Yokoo

(12-14 December 2007): “False-Name-Proof Mechanisms for Hiring a Team” pre-
sented at 3rd International Workshop On Internet And Network Economics (WINE-
2007), San Diego, USA.

2 IRE 11 5

Yoshiki Tsujii, Takakazu Mori, Mariko Yasugi and Hideki Tsuiki (3-5 November
2007): “Fractals defined by infinite contributions and mutnal-recursive sets” pre-

sented at International Conference on Infinity in Logic and Computation, University

of Cape Town, Cape Town, South Africa.

Yoshio Tida and Christiane Schwieren (27 October 2007): “Contributing for My-
self, but Free-Riding for My Group? 7 presented at The 171th Fxperimental Social

Sciences Conference in Japan, Waseda University, Tokyo, Japan.

Makoto Yokoo and Atsushi Iwasaki (22-26 July 2007): “Making VCG More Robust
in Combinatorial Auctions via Submodular Approximation” presented at 22nd Na-
tional Conference on Artificial Intelligence (AAAI-2007), Vancouver, Canada.

Ryohei Haitani and Sobei H. Oda (12 July 2007): “What Students Learn from
Market Experiments and What They Don’t” presented at The 38th Conference
International Simulation and Gaming Association, Nijmegen, The Netherlands.

Takakazn Mori, Yoshiki Tsujii and Mariko Yasugi (16-18 June 2007): “Integral of
Fine computable functions and Walsh Fourier series” presented at Fourth Interna-

tional Conference on Computability and Complexity in Analysis, Siena, Italy.
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E26 Nariaki Nishino, Yasnyuki Okawa, Sobei H. Oda and Kanji Ueda (11-13 June 2007):
“An Experimental Analysis of Environmentally Conscious Decision-making for Sus-
tainable Consumption” presented at 14th CIRP International Conference on Life
Cycle Fngineering, Waseda University, Japan.

F27 Shinsuke Suzuki and Fizo Akiyama (30 May-3 June 2007): “Chaos and oscilla-
tion in the evolution of indirect reciprocity in n-person games” presented at The

19th Annual Meeting of the Human Behavior and FEvolution Society, the College of
William and Mary in Williamsburg, Virginia, USA.

E28 Ryohei Haitani and Sobei H. Oda (22 March 2007): “What Students Learn from
Market Experiments and What They Don’t” presented at The 3rd International
Meeting on Experimental and Behavioural Economics, University of Maraga, Maraga,

Spain.

F29 Shinsuke Suzuki and Eizo Akiyama (14-17 March 2007): “FEvolutionary Phenom-
ena of Indirect Reciprocity in n-Person Game” presented at 2nd International
Symposium on Dynamical Systems Theory and Its Applications to Biology and Fn-
vironmental Sciences, Shizioka University, Shizuoka, Japan.

E30 Eizo Akiyama (5 March 2007): “Dynamical Systems Game and Dynamics of Games”
presented at Japanese-German Workshop on Fvolutionary Fconomics, Max Planck
Institute of Economics, Jena, Germany.

E31 Yasuyo Hamaguchi, Toshiko Ishikawa, Masayuki Ishimoto, Yuji Kimura and Tadanobu

Tanno (11 February 2007): “An Experimental Study of Procurement Auctions with
Leniency Programs” presented at Asia-Pacific Regional Meeting of Economic Sci-

ence Association, Osaka University, Osaka, Japan.

F32 Ryohei Haitani and Sobei H. Oda (11 February 2007): “What Students T.earn from
Market Experiments and What They Don’t” presented at The 2nd Asia-Pacific

Meeting on the Fconomic Science Association of Japan, Osaka University, Osaka,

Japan.

E33 Takayuki Nozawa and Toshiyuki Kondo (10-12 December 2007): “Lattice Molecular
Automata with Reversibility” presented at 2nd International Workshop on Natural

Computing, Nagoya Univ., Nagoya, Japan.
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Takayuki Nozawa (14-17 March 2007): “Top-down construction of reversible cellu-

lar automata with relatively stable structures” presented at International Sympo-
stum on Dynamical Systems Theory and its Application to Biology and Enwviron-

mental Science, Shizuoka Univ., Hamamatsu, Japan.

Shinsuke Suzuki and Eizo Akiyama (23-25 November 2006): “Dynamics of in-
direct reciprocity in sizable groups” presented at Econophysics Colloguium 2006,
International Christian University, Tokyo, Japan.

Hiromichi Kimura and Eizo Akiyama (23-25 Novenmber 2006): “Asymmetric zero
intelligence model in the Japanese stock market” presented at Econophysics Collo-
quium 2006, International Christian University, Tokyo, Japan.

Kazuhito Ogawa, Tetsuya Kawamura, Tatsuya Kikutani and Sobei H. Oda (12-15
November 2006): “Difficulty of cooperation in iterated multi-Prisoner’s Dilemma
situation-FExperimental evidence-” presented at International workshop on Compu-

tational Intelligence in FEconomics and Finance, Kaohsiung, Taiwan.

Shinsuke Suzuki and Eizo Akiyama (21-25 August 2006): “Evolution of compas-
sion under un-repeated interaction” presented at First World Congress on Social
Simulation (WCS52006), Kyoto University, Kyoto, Japan.

Shinsuke Suzuki and Eizo Akiyama (18-20 Angust 2006): “Relation between indi-
rect and direct reciprocity” presented at The 2nd Asian Decentralization Confer-

ence, University of Tsukuba, Ibaraki, Japan.

Eizo Akiyama (18-20 August 2006): “Tutirial : Social Science and Compnter Sim-
ulation” presented at The 2nd Asian Decentralization Conference, University of
Tsukuba, Ibaraki, Japan.

Nariaki Nishino, Hiroki Nakayama, Sobei H. Oda and Kanji Ueda (18-19 August
2006): “The Role of An Tndependent Recycling Dealer in Durable Goods Recycling:
An Analysis with Simulation and Economic Experiments” presented at 6th Inter-
national Workshop on Emergent Synthesis (IWFES06), The University of Tokyo,
Japan.

Naoki Ohta, Atsushi Iwasaki, Makoto Yokoo, Koki Maruono, Vincent Conitzer
and Tuomas Sandholm (16-20 July 2006): “A Compact Representation Scheme
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k45

E46

k47
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F1

F2

F3

for Coalitional Games in Open Anonymous Environments” presented at 21st Na-
tional Conference on Artificial Tntelligence (AAAI-2006), Boston, Massachusett,
USA.

Yohei Kaneko, Nariaki Nishino, Sobei H. Oda and Kanji Ueda (5-8 July 2006):
“Fconomic Behavior in a Market with Network FExternalities: An Analysis on
Decision-making under Incomplete Information” presented at IAREP-SABE Con-
ference, Universities of Paris 1 and Paris 5, France.

Nariaki Nishino, Yasuyuki Okawa, Sobei H. Oda and Kanji Ueda (5-8 July 2006):
“Does Self-Interested Behavior Stop Before Exhausting Environmental Resources?”
presented at TAREP-SABE Conference, Universities of Paris 1 and Paris 5, France.

Christiane Schwieren and Yoshio Tida (22-24 June 2006): “Contributing For Myself,
But Free-riding For My Group” presented at 12th International Conference on
the Foundations and Applications of Utility, Risk and Decision Theory, Faculty of
Economics of the Libera Universita degli Studi Sociali in Viale Pola, Rome, Ttaly.

Makoto Yokoo, Toshihiro Matsutani and Atsushi Iwasaki (8-12 May 2006): “False-
name-proof Combinatorial Auction Protocol: Groves Mechanism with Submodular

Approximation” presented at 5th International Joint Conference on Autonomous
Agents and Multiagent Systems (AAMAS-2006), Hakodate, Japan.

Yohei Kaneko, Nariaki Nishino, Sobei H. Oda and Kanji Ueda (7-9 March 2006):
“Analysis of Purchase Decision Making : Network Externalities and Asymmetric

Information” presented at Intellignent Autonomous Systems 9, Kashiwa, Japan.
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Sobei H. Oda (1 April 2008): Viewpoints on Human Behaviour and Learning:
Applications from Experimental Fconomics and Neuroeconomicsy , Tseminar in
Freeman Centre, University of Sussexy Brighton, East Sussex, U.K..
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Sobei H. Oda (24 March 2008): "Experimental Economics, Economics Education
and Neuroeconomics) , Tseminar at Panteion Universitys Athens, Greek.

Sobei H. Oda (21 March 2008): Experimental FEconomics, Economics Education
and Nenroeconomics) , Tseminar at The Laboratory of Engineering and Man-

agement Intelligence, Computer and Automation Research Institutes Hungarian
Academy of Sciences (MTA SZTAKI), Budapest, Hungary.

Sobei H. Oda (19 March 2008): "Experimental Economics, Economics Eduncation
and Neuroeconomics) , Tseminar at Catholic University of Milang Milan, Ttaly.

AN A= NI, - 2 - ANFSR IS (2007 5210 H 27 H): TS i B
B W THAR N 22T 28I onwT, , THEBHaBEA vy 77 L v Ay K
MR,

G Bt - VEEPREE - AN R - BFSEXR (2006 4F 12 H 15-16 H):  TlEESE
B O AGERER T OBBIREICE 2L /) R=> a Y ERDSH, , TH 210
EERS v R YD LA HARDOEMAH AN & AL L o BERNZR AT
.

KB - NIRRT (2006 5212 H 2 H): TROFAFEBRO LB R FEESINE 1 E
B e E kw2 b TEI0MIFERRFEa Y 7 7L v Ay HEURAE

AN« FEFF=F (2006 429 H 29 H): TR SEER &E(LREFY) |, DR 7
K v—A 7 =) DEREF DR 7 2 PRilEEy 5K AR

BEEFZ (2006 429 H 22-23 H): T8 /89 — V Z@ D6 2 AT LABEND T 7
n—F WWiCADNY =V FAF I AT AEEMIC ) THAIEEMESRY
YARY T Ly BRSBTS

98 / 304



B9
a7 FN A N—DFE







FREFZITRAZRICEIY 20 ? —REEFO fMRI EERZH1IC

1. FUs®IC

AREE, AT AICOVTOMANELZ, v ItFE
e £ & HITihsd T 2 RFRREATIC D\ T D FfRRET
EFRE AR BNCBRZ b DTH B, Fx DWFTEI £ 72 ki
DT, HEEROWN L BENRSREIBRRBICLE LD,
PRRERET IR T 2 2 BT 9 5 2 & T, plhfgR
FERBEEE L GHYNCIE DI RIE S 25k 8T
MZEHED 7zv, !

fEFK 25 83—k b T3TMHEELZD L, HEX20 /8-
vy b CTA4HMEZITELZDE, ELoBRLh LA
2L, BEZBESNILEDS W, L2L, Z9EFZTA
7obis, MU DMEREM G E S 4650 T, EL10035—
LY FTI3IHHEZITEDZDE, ERS—k v T4
JTHEB2DE, ELoRR0WhERDTEHND L, T
HREIADDPRD VL, CHETLORT Ey 2 R[]
ELTHAT, ARIZHER 100 8—k >~ b 2RI E <
FEiT 299 8=k ¥ b 98—k ¥ P DEIF/IH I\
D3, 99 8=k v F L1003 =V FDOEIFKREVL—D5
reEzoNns, 2

* R RS R

AR O IR B S E L, RIHSEEE (R RE)
EDIFAIETH b, FALRAAMITTE L 2
¥ T =7 VY —F -y — TRHEERICK
DI & BE - B S DMl 2 2 2y (2006-2008
EE) OB Lo CHEMES N, KR E2RET S
a2 ol 2 u i REEIGERZ (JUNKRY) ,
BB & GBS R IC > W CIRE LIS 2 Wi
W (RRRRESER ), BHRERHEREZ (¢
HRPESERY) , MEHIRIEfEd? (HRY) , BEA
BER VL OREEPMAEZOSINE IIEH T 2.
PLARNC X 2 BMENNE S 9P LEHTH B, AT
VEBTE IR AR 7223, KX OBl ¢EEix L7 DT
32\, PLONRTI Ey ZADBRILTNUEZ ) 105 &
W) B LB I T, RFRBEF O BUER] S FIRR T
b5,

TVLDRT Py 7 Z3)A  FEERL BRI TR I N 5 3,
WERMHFTIFEE TV Lk, 2¥ks, b
2100 R TR ETY, HE1003—k v b
THZ I EEH7DD, 99/8—k v F DIERTIE 5
ZET1—k v bOBIADBIEE Dol DD, ME
FIE ok L%, WEFE100 83—k~ + 21
FI9N—k Y FPIDECHMHL S THTE R VD
LTH5. Lo IVIERPIHR I N WERTIE, &
FTLLHICTLD,ST Py 7 RGBS ke [2][8).

AN )

100 HE2l2 100 FMHZE9 © &, 101 HEEIZ 101 AH
ZZITELDE, FLoRReh b L, 5BhELE
SNEBEDBZ W, L, 29N, @iz
FEORfE % 100 H9 2/ LT, 43 < 100 iMEH D
E, HH 101 HHZIGE D E, EL6BRE VL Emi
3 &, MIEZEIANDBDLLED VS, Z0bE4RHIT,
ANEESEC 2 Rlicm M2 BHH LR H O
B3NE 0D, SHEHHDZEIZRE W5 72 L BfRX
ns, 3

EF 100 8= > F ZFICEMAT 2 2 & HKIZ, RE
HTlE R, fEPIS, PLDRT Py 72 R1E, %L 0k
FHERORTHE & 72 - T 2 WIS BER O N ER % 1 %
2Fh, PLDART Py 7 AEWERT 5 TR0 RLZ,
W R CIE U > LRl S e, ik, Wifs
SPGB & MERF L 7o i 2 R S
205, IR HBEERICHE D e L FERDS, BIRIVITAF
xR ) REECEE L 720 T 25D Tk,

WolE)BIERRHCERT 2 2 8k, bo LS
BExEo. 2342, 100 HEIC 100 2 101 H%
10T HMZEZ2E L&), WEREDIZ)IDVEEL
WERSTHTH, LESHD 100 TMHDIE I BHHD
101 X birE L ko Twuiud, FEBICiz 101 H
FTHETCRVESLY, 2¥%S T100 H#ED 100 5 M
101 H#® 101 T2y &9 #RIE, 100 HBIC i ™45
H? 100 HH2HHE O 101 T2y &) #RIC K 20
5TH5.

MERFCE R LWEBIER T2 BTHRIFAHENTR Y, 2
ncy, TOEERBNEHOBCEWR S, HOOARE
P 7 R TR AT I 0 371, I & DI ESELE e - <TTE)
5159, BEEEX, zherTPNT2E, 20
ifEH B2 WIFIZE > TED X BRI EFO0 2L
228bTEL. UL, A, BAooRMEE»P
BEEIZOATHWEIEZARTE S, AMEHAZAS%ZH
HLTO2EERBED L) RfTHIZ L 20, ED LI
BATEE L HREDD, —Hifi TVl wiEE &L,

DED, FHEEMET OREMRGE L IFELF O FHER
1, ABNZERGIRRE 0 & 2 I3 FBUER 0 IRl E v
i 52 5 2 & &, ZNEREHERRNELEL Tw5
EDWE T, FREE b O, RREEFOEADIE ) H

SACTIIEE D 72 O FFEATS O il & L CHIEEREZ
FHHL 7228, P EBERRER 0T, AYICHKI 5
NEIFEREEDITH 5.

99 / 304



PHERIVIC & EERIC D BRI ZE L, L d, i
FENED TR D FRERL BRI Ekim ORI D 5 23, IR
BEIFOME & FBRIZ VLo Z HRELL T3, Uo 3w (5]
1, 1972 £ 5 2002 4E £ TO 40 A DO WA O FEE
xRN, AR 1EBRO 1 HEBRED WL S &%l
ERLTIR, R EICIZEAEDDLS T EFTREL
HWp 3 ki, 20RO IRIFEOERICL»1HST
mocﬁt%i%&mtﬁ%Lrw%.@A%ﬁk%w
, IRERAF O E iR I D B B DD, FEERDH
ﬁb?+\&®# HorviFzNo&2THEboTw3
DD Lo,
DI E o BLRG & MEREGRZ - ¢, 5 2 Ji TR
FUFICEEET 2 B L A EFEE & L I T o T
O 2 TGRSR OIS 2 R L, 55 3 i Tl e
FEMBIZOWTIARZBR S

2. BCEBIEHRISEER

2.1  [KREEFOMEIE
DIPAIZB W TOMEFEICB VLTS, BP AR ED
I ICFMET 2%, FELEFEDO—DOTH L. H
SIUFE & PR 2 & OBERIIMELIZ, BE L 0%k
BRETEIRBIC X o T4 b D RSB N, Lk
AU & RGN DARNT 3 2 piifE Bl & O RIE-D 1 DR S
T3, DL EoIEPLRZ B I memiE  H S 15 et
ML, AV REEET I THD, ZUSHTEHEN
X, R T RIS, [BROEFICHERN
5LRIBDTHS. !

FUEE TP REMDSE I RO 20D H 1 3L
[3] D A (self-projection) TH %, DML, L
e TR, BaotinzisieR etz 3G
TH Y, Zi medial frontal lobe & medial temporal
lobe & medial parietal lobe THE S 115 TAIIHTIAZE-
MIPAZE-JHTESE = v b 7 — 727 (medial frontal-temporal-
parietal network) &\ 9 HaBOMREB CHHEINS
EFET S,

ZORROBE) & v ) RFUE, fF ORI A & B
T 2MEEEZ S5 L ZICHEHEICR 2 OO ’EA
72T, (9] TERD S DB LW, B9
BEXRRZOLDPTEZZE T TRHSDBERRIC
WTERTIHNICET 5. o, r— A@&
DPTEEL T — LI OV THETE R VEEgL —
vzvihe, RO EZ S - LRI A
P OEBEPMMDI- DI =% 35D 59H EHEH
THANEZXBTL2EERSDTH S, ZOHHIVBTH
B % &) IR, REIEE 2 ARD Hr~D A
B oREER E L THRTE 20 LN I L ZRRT
5. ?

WEDFEDIRNT] I3,
AN EEEHREFR E LCEREL k9. Mo
RSB 2 BRI AR Thiud L veoT, [

2.2 FEERFIE
FEilx, ATR-Promotoions MiGEIA X =2 v kv ¥
T 2006 4E 11 H22 6 2007 4 9 H £ CEIMEI Nz, ik
Tk, AEl224 T, FHEEREOETEA 214 L 20
ot N1 4 TH- 1=,

Wil 3, MRIBEOHIZAD, 4390 R FHIR
—MEICEZ 5, SR, &% RA8000M), A2
R (40%, 80%, E7-13 100% o 3 fiJH) , ZHH
(B H, 1BER®%E, 3 2808) 03 ->TREOT S
N, W, 72 & A3 73000 2R 100 S—& >k
THHZITE S & T8000 M%ZMEHRK 40 S—k v b TS
HZJ LS DOWITNBETICES>TEEF L W EEL
3. 200D ) L 450E, o X9z, ZHUH IE
4 H TR U CRZHUER D i 238N % i 3 5 Takk
i, ch b, #HEH o457, T5000 M Z R 100 28—
v hT1HEBBICZT E S 2 T6000 %R 100
N—t v P T2HEMBICRZITED ) DXHI, ZHEER
1£100 78—+ > T U T H 0 #7252 8@ 1 U %
92 TRk, ©h 2. FEERREFEOBHERN TR
fit>T, #EIE, STOMICH L TEEIEZS X9
ICEES s, 3

2.3 ERER
A SR 2R T 2iED T 52y, KTk TRiS
bl oAk (1B F 72 2 HR%) oWz EA
7L EOMEE) L, TEME ) TR (0% £ 71F
80%) 7= %A 72 L & ORGSO M D 5572
FZIRT.

MRS ) CTAREDOWMMZIEA T L EDIZH D T
BRbbi ) CAEF I & A 22 L F X D b HERICHIE
L 72 ®1%, parahippocampal gyrus % ETh ) (K1),
Mabr b ) CAMEFE RN ZIBALZ L EDIZH D T
MR CRROMIMZEAL L E XD B HRICHIGL

T LR RIRRDEZ SN DD, KRN TIZRE
TERVmE, Thbb, ZNAHLZORED KR
WTIEAEATE R WAENEEL D 5. 2256 D
HEEND iU, TokI) Rk EEmzt VwoFTH
Bl 2 Loy, ARNZ, %2 sl LT TN
TERWI L ZHRARRE LR 2 T 5 2
EMTEDS, [24] L [25] 13, A SANVEZETIVIC,
TEHIS vy LHRE% &5 TE ) 0 oERWESR
B X OB ZOESERESE (2 7158 2/5T 2,
SRRV 21, B A & (il 5 6 Bl [22] 1
PEoTHIEIT 2. Thbb, HEEAOHEHE T
FUT, EFHEOLENEIF 2 HHRE L0 Tr—
L EED, KXDOERTIZ, EBROETIHEE I
T OB TTED T EICTHH I N, FEERE T,
HEED 7 > 5 LI 10[2BY, PHHIEZNSO%R
5 1OEER, GBIXNRIEIC U ChiiiE g
Bz L7z icit-> Gt (Wik o fanz
RoT) IEL, 2z 20T DBEICHES
AT 2,

100 / 304



F parahippocampal gyrus: MMEFE RN z2iES LD
AR DOHIN Z 35 & S ITIRIE T 2 HUHD O & D,

52 angular gyrus (BA39) : AR X D HHEFE %
Wiz 28 L FITBIE T 2 O O & D,

72D, angular gyrus (BA39) %2 ETh-7 (K2). 4

fERREEL & IR, 2B 1 Tl 7e K ) ICHEEERY
B b NMTEN O BHERER 2 © OTEHE D TV 5238, B
BLMIEEITH B, Lo\ TERRIE, ok EDiE)
DRI L 72 angular gyrus (BA39) 1%, —M IR %27
2L EIIEMALT 2 L 3N AHETH D, TR,
EEDIZ ) DIMRIE U 7o AEiik, oA i S - R S - S
Erxy b7—2 THDH, T, #EEEIE, I Ko
TERROERZEHE L, HCORPIC X > TREES O
filifi 2 IWT L 72 2 & 2 g 5, !

SHEBR D FENE & R OMNTIE, KA X 3.
IR, oL E0F ) BIRIE L 201, K1
@ parahippocampal gyrus (21 2 C, precuneus,
orbito-frontal cortex (OFC), striatum, posterior
cingulate cortex (PCC) Th-7%., THDH L OFC,
striatum, PCCIZ, [11] 23Rz x4 2 F @I
EZWMURT % & TS 5 LG T 2HUHEHARD,
precuneus, parahippocampal gyrus, PCC, WHllo
OFC O—{fix TINMIBTESE- M SE-UATHEE 2 v b 7 —
CET 5.
BT T, ZOEPICHTEE ARG L Tw 5, Kl
oD & SRR ZHTERNTIYR L TR 207259 5?

DL BRI, REEAAS R & » & —EART
%@#@AKomfﬁ—mo%5@%0%$£%&@m
WA 2725 9 2 ? R RO 72 90 O H O 1

DBEDUEL X L Z D1 DHE %EFWMmﬁﬁmﬁi
W IAHE R Y b7 — 7 ) OIADS) OWET, falkkiio
T-ODFH I D b, BERE OB EBER DL
RIRAEPBREG IR < BMEICIAE % X 9 IcRIciz D
N5, HLZoEMPIEL UL, ZNRELET DG
BREEAl & O AL R R THAH . 2

3. FARFERICHTIMHEEE

3.1 WRIEHLS O#HtH
9 MR HIEDERENE & kb ns, IMRTHIET
ANHORRFLEREZ 30T 2 HiEéE, D2V ET 2— I TT
ETWVWBLILE, ZOVY 7 72 T7DET 2 — LMD
N=F727DEF2—LELTHKILLTREZET
HD, INEMILEEFELERDL BT, MOKBMLD
B A HARTFBIGR 2 H1 2 72 14T 5 D DG BN 92
BicH s, 2o TUIMEEE L wo T, Mo £EDif
MPBIE L 72 572000 7ay 7 - T ThHD,
FAN TEEIRTE R OBIZE TH > 72 D3, HliED IMRI
W, RIS D I R DS B3 D, o D
NEDRIE L 72 0% TH & 2012 2 HRBHE T A v IcKkD
W, HMERRANBREO NGB OGN Z WREIC T 5, L
L, FREPETY A VIIRE QN Z B iIc L2

R 572w, ZOHAAND MRI EEBROFE L, L4
ThHOAED KE VD, EROBREZHIRT 20D b,
[14] 1%, FEEHETH 2 % HE T 2 MRI HIE 1%
It % B MWO%£MLifétwkiﬁw%#,m
HEFEO MR O M Z B & 2212 L 2w DL E, fMRT
WEZ T TEDIRUPAZICIEL W2 EH) I LIFTE
BLERRD, OFD, B OV TMIERIEF
M % LD ERERTH, Znlsto i
WIS RISEICHEET 200 Ltz v R, #fifgic
SNDHF@RPEED 5 VIFEES UL, REEhEHSE

WRF R, Bt o & & o Bt A OIRIE DO £
DICOWTHEBED® 23 Z HoF Twiw,
IATHOEBRCTHBRE DO ZFIE L 72 (b2
VIZEHETT ) DI, GRBEETE 2 S
o b Ly, b o EBERL DB TAMESEMED
HzontuF, bo LEMRGESEE SN D
Ltz (ZHUZ 20 CORGEEFHIIZEEIC DWW Tl
[10) &, fTEIFEBICOWTIX[21] 2R &) . Z7L, K
XDOEFTIE, (75,8—+k >+, 9500 1) @ X 5 ICf:
EDFHEICEIHD 22 2 B8 T 50, (80 8—&
Y1, 9000 F1) @ X HICHFEMNIC 1HE D LoBE T
WEZFETE 2 DR IR EI N, 51223
&, WMERZHECWERCMAY 77 THAT, ALz
VEIA U IR FEE & A bl o id R g2z L, A
L IBIFR R 2B TV S, BIRE 2 E 2 0ER
DRl E—MICEI R L 2 k) Iclbins.

101 / 304



230, AMIREEREICE W THOKE
L, 20O MEHRRIEE L U <P 5T s
TEHIARE R Yy b7 — 27035 % LI RIUCEEDSL, o
R, 2L FRICOWLTOMBIEOWIEICHS A
NebDTHBH, fAHZIEL W E RS 2w, ETR
7o & 912 2 ORENCIHE-D < BGTEENE ISR O AL T )
FIRDOFERE I FLHAT 525, 20D LOFREEZTE
o, HOEEEER D Rx ORHEIF MRS, [14] D
BT 2 X912, OO0 MRIERZIFICHE S DT
127 <, B4 BTGB R TEI R 2 T ¢, 5
HEZEO T RS 0, !

3.2 EEFZHSOHH
F23MD kI RIS LT, RIFEL S I 2D
DD %

9, R R BEEMR LI ERERAIEARYEE T2
S O DMBERRA IS 5. T, R
FISAE T CORBELITE & v ) 28 5 O HEHITH b,
BFED NEDFEEF % FH T Z huc o Tl % R $
2104, FEOEFOD & TOREME 2 —IRIVICE
AT 21329 PHERTIOHD E S ARRERICZ 2 £ v
FiRTH B, 2

DN 61, BIEEVLMEIAICIDHI NS 2k
EH->ThH, MBHEPREFADEEC 2 2 Lidkhw,
Lo [6] i3, mEbiEOARMEGR L L TORFF
DM A G 2 L2 mPFAT B, 05
&, BRFEE, ok 2ROz L LT, B
AT o TARENRE Z b 720, U OKBERD S
LB LT WBLIRT, FrE oM (2 & Z213A

4] 1%, TSN 2 2B T 5. (a) MOKE
ATy P ERAE— T b7y MlE, BT b
ROR A —1T8 %2 EW® L v, (b) BIGD
EE D, TEIMOEED LI E S, fTE
HOEE Db Litk,

18] 4%, ENEDOARKE DO L TR SIS T B fEE
MhsbIERRL, BAERERORRELE, &hbi}
13] D g—¢ Blawm 1 Foflifild, 1HfA->Z &1,
02,67 - (0<h<1) LIliT 2D TR, B8, B,
B8, (0<B<1,0<8<1) LT 2 &) B
ZLlo TR L, 220, 1], 24Uz
& RS TELE D AR DR 72 1 BB 72 2 DTl
BOEFERT S, Uodw[23] b4 b, FHICERD
FEDOMMEREE Z, HEVINERS EFiZ, Rl
ZINTEE) 2 BIZE L T,

ALy o, RIS T DRKRA Z ZRFEED B
5 W WD HITHALET 2 Wil 5 & B L [20),
WD 7 —~OVEZEGLZEHE (1970) TH RAMGIZFREF
FORBEZ DS D LRI, AUE, T OTEEDIH
ALATE I FeD > CHRETE % BRAR 3 2 87527 % AEHER AR B
2L AHE U ORI A LT 5. 18], ZF
277 % BEAIRI SRR A UL DT 5.

EIF) ZHHALTY, 525013 %,

S S ICREF L 22 ORIELIHT & A2 T30 6, #l
FEREFF 2 A HILE & ORI D 5. ik, FEDOE
JRE D G RRE X TS TRIZE S N5 TARDITE) 72 17 1T hk
DWTHEI NS L) FERTH S,

PIRERETE F DS ELS 72 DX, REHEMVIEYE 213 SRR o
ST A RERBIEIE S Th B, Thbb, EED
fTEIDSEY 2 6t 2 072 L Q03 E D, b 2RHBI%K
PHEL T, 2O, KAPEIHRL TL200k0n
&R, ZOBIBDED 2RIz RAT 5 &
NTH LA RINDG, 2L THEABKEADRIN%Z
BRI 2080, EHENREFEOMEMESERLL, &
EERDTES, ZONE» oI, EEZOIZTETH
LI N5 E NDBREIFHDEHNE D FEHE 2 Wi 72 § A
PTHY, ZEANDKMNTEEDIE S TH 2 0% A 2 I
72\,

MO EE DI, REE L ER—H7T 2
HEREEHRL L TOAMEZEEL V26 TH S, [7)
1, —RT % LG RRENEG b, BPNREZE TR
T, BRENTAHIEN S ABEE R E L TERX
ETE2H000 %) H5 I EEEML, 29 T1Uud—
R 2 EAGIAIRMEN 2R 2 £Eb, M3
NS EZ BRI L Tw 5 & R In, BT
Foaz@HicEs L FRTS, Z2LT, TDkIHic—
RAGHZ NHTOAINEEREFRAE LAE 2 L9
WKILRT 52 L2, B2 MADEROAMZED %
Bzl L CTHERF T 2 720 1cb8iTch h, oLz lEE
LU C A % PG 2080 2 MERF© & B WA G B AR FTE
& BRI I B 7 SRR o1, AN T2 < AHB
P OAEBLZHE > THEADABEINTEI ZER L, 2
BE> TITENT % X ) I A D B2 T8 2 i 2 KR
RINBER 28 C LA 5,

3.3 MRERAEFREMAZzEEIHL
MREZRE L 2 RABE L U CORFEDOH I
MPITRE VD, HEORFEZNRE T 2REEDH BT
b5, WEOAHDHEEEZWMRELTHWLEL) ETh
W, THLARSIEBTHD ) ZiFAT 57213 ¢4< TA
TH5, I EEERPLHETHEI»O R ITIUIE S 220,

[7] DEIRE, EFFEETM AT IR E LT
TN T 2 72 DI IZFIRIE THE+ T E I B DTH B,
fEp I, & 2 TARDFEIRDS, WUREIFORNUER 7T H
ED, ZOTHITEHENIRO B T 2 AHENEIFE b
o, Thbb, b2SABEBNEEL T, ik, Zh
R L TO 300D EIFERRIC, ZoBMERAT
2EHIFBLTRRERZEND 5,

ElFwv Z, THRMBIFONMER /- S 7o LIk TR
SNBITHZRAMITEE L CABYLT 2853123
FIELR\vg EW) BRT, EHICHLWERETH S,

102 / 304



MR THZIN21THIE, BLIRSs S s N5 HHl
BATERTH 5DIZ, Tz HBIVICHIAT 2 B D%
i, MERROMBIORI»E W EBICH B, B
HOWTHIMEEZRESIND Z L1k, EBRICIEZ ) 2w
TH»9., v R_NTADFHFHEVZED, ZnzRAl
18 & AT 2BIBDIEET 2000 Litde o, MsR
P& G OfTERF A MBI 2 [19] &, A OB
PREE & b BRI & b BT & e iR
BB IE D T ADITEI bSO ELEDTHR L &
Nz, [7] ORRLEETFBIE D — i o § %, 34
TN Z ARG L BT 2 EDPRRXENBORRES
B2 L)) [T DFEFIZEETH 573, MEFLHLICAE
MNEEIEN & B2 T o I3 o BLREFRICHE T 2000
Lz, fAlE, XEDPPRNERZRKICT S L)1
FEILTWA XY ICRANUE, XERBEZ2Z105 (%
FEE2) 1IZ)DBRVERXENS 2T 500 Ltk
W, LaLl, ZHUIADMEEBOM L 2T, X EH2
WERAET 2 LI ICRZZ %0, ERBXEOHT
XBRRGHMNczZh 2R LT 2 E /AL T, XEDE
ROAMITE ZRELLEZTIADWEES S, Zhlh
ORISR B8, [7]1F, X H O BB % SE
THRDORXENIE DS, BOFBINERE L TTIE%
$, PERlAIc RO FBINERE LTRESND 2 L

3[19] 1%, fTEIRFAMEE 1, RFE ST O & IS

TW2 EERT 22, BEZEEZ TFTCWIETE
$EHIT 2. B kiU, fTENRF AT 1, T2
I BEEE T OHZICE S LTERT S LA,
HLHEERD, Tt%BII 2 RZNIOEN 2 BB % D
T, BIHEEZNOEN - BICH &2 H LAY 25, B
BANCIEN S B L 7228, TR, BE&z2RDICH
IDEPSHEBERICADTICAEZLT T b
A5 ERBE oo TH BT, AT
BEH MBI OMER D Ly, 2ol T X Tofr
FIRRFAIZEE IS TIE E 2 L I3l b 2 ehs, FEfEN
AL SR DB DI K\ 7 £ FFEAN IR
FKORBT LIRRETER TN EbD L LTHET
L2ENHOTEBRLRVDIZMATH S,

SR TRBREIFIC L > TABWERZ RES N 2 L1
WHIEICEHF D 0E2B I L7208, Z U E Rk
DRICEHF S 7218 &> TR ZEEZ WL 5
THLFEZONIGAZRIAICBLWTDI L TH D, #
RBBIFUCIR Y 23 2E R, ARG %
BHPEHRICHEREINE ZLH B, AL, H3
ADS, AL BOWTNLEHERESONT, A ZEA
ZELEXI. L IDOADMERE 238 ifF%2 b > Tnd
E, ALBECOTNE 1 0EREEDLNTB Z2E
ST EFm», LaL, BFEIEIOL) %I Ll
RELTTIACEMELTELS 2. Uod (1]
1, % DA, HBNEEREICE LT, [FUSERE
TY, MIRABRTEARCIBEREDRELTRENE
D, Hehicznk h % 2@ R E RSk
T2E, G2 2 E2EPOTVD,

DN ZBNTHEDIEA 9,

[7] DRI D H 2 b D725 9 7?2 BlEDEA X
2D OAHi DT, ANEDOE % RE T 2 ANt
R EAMBHFE S WFZEE 1 F B L 22 1 1ud 7 5 22\ [16] .
MREREIF 2 2 IR T 2RI E 2 N E 0T, A
MM D24 2 BOE B I FED W CRBLIINICE S - BRIl L T,
REFF AL © BN BEIFPHIABEE BN Z ) L wvw) e %
Lo TWLAIEE D VI L Ltk UL, Mgk
FARE D%  BEROZBUHIE & Z s E-o
FEOBNIZHBE L T0 5 X, AZEbLZR G,

[4] 1%, FEREFEOHINE HEIC>wTtairhl L %
WR2 23, FlE, 6 DFROMDLIE (a) BIEPEDK
ARIHEREE X O (b) B 1230 < BIFEO 1 o BfiE & TR
BloICMiEEZMa L LY, BiFIR, EbAL
WEEHDSRAL L T & SITIEEBETII R Wb Litkwn
B3, BRO N & PR LR EFIE DR ToE i
DIAZRRE P A M T O %2 R F 2 AR O
—oOThh, %BEIZ, HEIRIIDEYICERZIND
olbfTE %2 £ 2L LTH, 22 bMEHEIICT S0
kDD L EEEREFNERTLEEZ 06 TH .

FhlZ, FEFRFEEICOWTU LB E HEL 23 o
T 5, BARIICHREREFF A DRI H D3> T, STk
DEEECHE L RPEANDOEBRIC O TR Z2ikin % T
2FETH L, MRERIEESHEYNICAIED T S s HDS
K k)i, HENE LSRR v,

2 E XM

[1] Allais, Maurice: “T.e comportement de 1’ homme ra-
tionel devant le risque, critique des postulates et ax-
iomes de 1’ ecole americaine”, in Econometrica vol.
21, pp. 503-546, (1953).

[2] Barron, Greg & Ido Erev: “Small feedback-
based decisions and their limited correspondence to
description-based decisions”. in Journal of Behauv-
soral Decision Making vol. 16, pp. 215-233, (2003).

[3] Buckner, Randy T.. & Daniel C. Carroll: “Self-
projection and the brain”, in Trends in Cognitive Sci-
ences, vol. 11, pp.49-57, (2007).

[4] Camerer, Colin F. & George Loewenstein & Drazen
Prelec: “Neuroeconomics: how neuroscience can in-
form economics”, in Journal of Economic Literature,
vol. 43 (no. 1), pp. 9-64, (2005).

[5] Frederick, Shane & George Toewenstein & Ted
O’Donoghue:  “Time discounting and time prefer-
ence: a critical review”, in Journal of Economic Lit-
erature, vol. 40 (June), pp. 351-401, (2002).

[6] Glimcher, Paul W.: Decisions, uncertainty, and the
brain : the science of neuroeconomics, MIT Press,
Cambridge, Massachusetts, USA, (2003); = %=
(GRY @ PHREEREE A AT —ARESE 2 R Tl &9 &
BIRET 5Dy, EFEMEHRRK, (2008).

[7] Gul, Faruk &

Wolfgang Pesendor-

103 / 304



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

fer: “The case for mindless economics”,
http://www.princeton.edu/ pesendor/mindless.pdf,
(2005).

Hertwig, Ralf & Greg Barron & Elke U. Weber & Ido
Erev: “Decisions from experience and the effect of
rare events in risky choice”. in Psychological Science
val.15, pp. 534-539, (2004).

Hofstadter, Douglas R. : Gddel, Escher, Bach: an
Fternal Golden Braid, 20th anniversary edition, Ba-
sic Books, New York, USA, (1979); ¥flEHE5A - 13 L
o - it BR]: 7 —F 0, 2y s r— Ny
N HLZWIEAEEEOBR (20 FAEREAMR) 5 . AL,
(2005).

Hsu, Ming & Meghana Bhatt & Ralph Adolphs &
Daniel Tranel & Colin F. Camerer: “Neural sys-
tems responding to degrees of uncertainty in human
decision-making”, in Science, vol. 310, pp.1680-1683,
(2005).

Kable, Joseph W. & Paul W. Glimcher: “The neu-
ral correlates of subjective value during intertempo-
ral choice”, in Nature NeuroScience, vol. 10 (no. 12),
pp-1625-1633, (2007).

Kelman, Mark & Yuval Rottenstreich & Amos Tver-
sky: “Context-dependence in legal decision making”,
in The Journal of Legal Studies, vol. 25 (no. 2), pp.
287-318, (1996).

Laibson, David: “Golden eggs and hyperbolic dis-
counting”, in The Quarterly Journal of FEconomics,
vol. 112, pp. 443-477, (1997).

T.ogothetis, Nikos K.: “What we can do and what we
cannot do with fMRI”, (2008). in Nature, vol. 453,
pp- 869-878.

McClure, Samuel M. & David 1. Laibson & George
Loewenstein & Jonathan D. Cohen: “Separate neu-
ral systems value immediate and delayed monetary
rewards”, in Science, vol. 306, pp.503-507, (2004).
Moreno, Jonathan D.: Mind Wars: Brain Research
and National Defense, Dana Press, New York, USA,
(2006); VEREA (ER] , ARG [ER] . Teq v
Fewa—X HEINIMWM , TAF— - AT 77—
7 A, (2008).

BHEREE: TRk~ FRICHED 2, TEIRZERNF
PR |, 5515, pp. 13-23, (2008).

Pasinetti, T.uigi, T.. : Structural Change and Fco-

nomic Growth: A Theoretical FEssay on the Dynam-
ics of the Wealth of Nations, Cambridge University
Press, Cambridge, UK, (1981); KFH—HL - 5
(GR] + ORESEZAL L RFE—#EROE D) I
ANy 2 A g, HAFGmL, (1983).

[19] Rubinstein, Ariel: “ Discussion of “Behavioral eco-
nomics”: “Behavioral economics” (Colin Camerer)
and “incentives and self-control” (Ted O’Donoghue
and Matthew Rubin)”, in Adwvances in FEconomics
and FEconometrics: Theory and Applications, Ninth
World Congress. Volume 2 (Econometric Sociely
Monographs, no. 42) edited by Richard Blundell &
Whitney K. Newey & Torsten Persson, Cambridge
University Press, Cambridge and New York, pp. 246-
254, (2006).

[20] Samuelson, Paul, A.: Foundation of Fconomic Anal-
ysts, Harvard University Press, Cambridge, Mass.,
USA, (1947); k= [3R] : TREFabroig (o
Mk 5, BEETE, (1986).

[21] Shafir, Sharoni & Taly Reich & Erez Tsur & Ido Erev
& Arnon Lotem: “Perceptual accuracy and conflict-
ing effects of certainty on risk-taking behaviour”, in
Nature, vol. 453, pp. 917-920, (2008).

[22] Smith, Vernon T..: “Microeconomic systems as an ex-
perimental science”, in American FEconomic Review,
val. 72, pp. 923-955, (1982).

[23] Weber, Bethany J. & Scott A. Huettel: ‘The neural
substrates of probabilistic and intertemporal decision
making”, in Brain Research, vol. 1234, pp.104-115,
(2008).

[24] Vasugi, Mariko & Sobei H. Oda: “A note on the wise
girls puzzle”, in Fconomic Theory, vol. 19 (no. 1),
pp. 145-156, (2002).

[25] Yasugi, Mariko & Sobei H. Oda: “Notes on bounded
rationality”, in Scientiae Mathematicae Japonicae,
vol. 57 (no. 1), pp. 83-92, (2003).

FHHMA

NS (572 - 29 < 2)

HUHRPE SR FHEVT A TREAR. B AHETT A - MR

B bai R 2T L, 7 78LA ) vy 2 R¥EE

FOF ey 7 ZRFETESE (D, Phil) . SRR RFHE

VTR, [ Bh B 2 ~ T 1999 4 & Bk, HARE

FraaB, B, MR, R,

104 / 304



Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

LLSUMIGH

il il

=¢p. o
fial

P
Fi:

2 kg
iEEEEEEfE?fi

nE

dresth

i

-
i_une

ZFF',
HHL

I

Woluime 7, s 2, Masch D009 FHGN FIRR ST

INTERNATIONAL JOURNAL OF

INDUSTRIAL
ORGANIZATION

AWM PRI I P e O T AR M T L,
e e et ]

L L T LT ey e —
Rt =

]

L L ) YA sl Thr PSREETR e
ey g

¥ b [ g wwl 4 St

Sisiuip hm mim sl stk el B b

) S el LM ke

1 P 2

Eppniiy seevhen. ey e S S Ly
A s ol | Pt

i s p— whiy
L

bielrei hanag A8 P sscTel Aty dnd e ke
LM [atesd

T BTl e
|l Pletas fngoma b

aw el T g ol bl e gy T
sl st s
AL Bty

LS B o crdaal 1R TV R
LR RN

AFY MEI iy R I
A s, AR st gl . B

Rt g beiw At e laia pBRShry bl
[ =g =y

(e el o1 g 1 e

Aymilnbie onkng a

" ScienceDirect

Wi SCEnCedTEct com

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

105 / 304



International Journal Industrial Organization 27 (2009) 145-165

Contents lists available at ScienceDirect

International Journal of Industrial Organization

journal homepage: www.elsevier.com/locate/ijio

Group size effects on cartel formation and the enforcement power
of leniency programs*

Yasuyo Hamaguchi *, Toshiji Kawagoe °, Aiko Shibata ¢

2 Nagoya City University, 1 Yamanohata, Mizuho-cho, Mizuho-ku, Nagoya, 467-8501, Japan
b Fyture University-Hakodate, 116-2 Kameda Nakano-cho, Hakodate, Hokkaido, 041-8655, Japan
€ Fair Trade Commission of Japan, 1-1-1 Kasumigaseki, Chiyoda-ku, Tokyo, 100-8987, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 21 June 2006

Received in revised form 21 May 2008
Accepted 21 May 2008

Available online 3 June 2008

Antitrust authorities in many countries have been trying to establish appropriate competition policies based
on economic analysis. Recently an anti-cartel policy called a “leniency program” has been introduced in many
countries as an effective policy to dissolve cartels. In this paper, we studied several kinds of leniency
programs through laboratory experiments. We experimentally controlled for three factors: 1) cartel size: the
number of cartel members in a group, small (two-person) or large (seven-person), 2) fine schedule: the
number of firms that are given leniency, and 3) degree of leniency: a partially reduced fine, a fully reduced
fine, or a reward is given to self-reporting firms. The experimental results showed that (1) an increase in the
number of cartel members in a group increased the number of cartels dissolved, (2) changing the fine

JEL classification:
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Keywords: schedule had no significant effect both in the two-person group size and in the seven-person group size, and
Leniency programs (3) positive enforcement such as giving a reward for a self-reporting firm in a courageous leniency program
Cartels has great impact on dissolving cartel activities.

Collusion © 2008 Elsevier B.V. All rights reserved.
Antitrust law

Experiment

1. Introduction Japanese Antimonopoly Act to the Diet in 2005 and the amendment

was enacted in 2006. The essential features of the revisions are that

Cartels, collusions among competing firms, harm the social welfare
of consumers by restricting competition in markets. Such market
restrictions include entry barriers, market-dividing activities, price
fixing, and volume controlling. The major role of antitrust authorities
(referred to hereafter as AA) is to restrain cartels. For example, the
Japan Fair Trade Commission (JFTC) made recommendations for 19
cases of price fixing cartels and bid riggings in fiscal year 2005.
Surcharge orders, which are legal means to confiscate excessive profits
created by cartels, were imposed on 399 firms and the total amount of
the surcharges amounted to 188.7 billion yen in fiscal year 2005.

An international trend is one of strengthening fines and sur-
charges. For example, JFTC submitted a major amendment to the
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the basic surcharge rate shall be increased from 6% to 10%, and that a
leniency program shall accompany the surcharge system.! Lowe
(2003) describes EU's future fine policy as follows:

The trend is clearly one of increasing fines, in order to achieve a
genuine dissuasive effect on firms. In 2001, the heaviest individual
fine yet, 462 million euros, was imposed against Hoffman-
LaRoche in the Vitamins case. In 2002, the second highest amount
ever, 250 million euros, was imposed against Lafarge for its
participation in the Plasterboard cartel. Other significant fines
were those imposed on the BPB, also in Plasterboard, 139 million
euros and 118 million euros for Degussa for its role in the
Methionine conspiracy.

In order to raise the probability of detecting cartels and to deter
cartel activities, leniency programs have been implemented in many
countries, such as the EU, the US, Canada, Australia, and Korea. They
have proven that the program is a very effective device to detect
cartels. A typical leniency program is carried out in the following way.
If a member of a cartel group resigns from the cartel and reports
himself to the AA with sufficient evidence of his cartel activity sooner

! According to the JFTC's annual reports, a formal action means recommendations or
surcharge payment orders without cease and desist orders preceding.
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than other cartel members, then his firm will be given full leniency and
will be exempted from paying a fine at all. In the EU, which initiated its
policy in 1996 and then made revisions in 2002, between 1996 and
2002, more than 80 firms cooperated with the EC Commission under
the leniency program and out of a total of 24 decisions imposing fines,
firms in 17 cases cooperated with the Commission under the leniency
scheme.? Under the 2002 Notice, 160 applications were filed in three
and a half years.® JFTC initiated a leniency program in 2006 and in
fifteen months it received 105 leniency applications.* That is, the
number of leniency applications has been increasing dramatically.

There are some theoretical studies on various kinds of leniency
programs using repeated game theory. Motta and Polo (2003) examined
a leniency program in a repeated game setting and then they identified
the equilibrium conditions to sustain collusion under the leniency
program. In a similar model, Hinloopen (2002) theoretically analyzed
European style leniency programs. In the European style leniency
programs, a fine is considered to be proportional to gross annual sales of
a firm (maximum fine up to 10% of total sales). Hinloopen showed that it
is highly unlikely for a cartel member to report information to the AA
unless the probability of detection and/or a fine are unrealistically high.
Brisset and Thomas (2004) obtained very similar results in the simplified
first price auction settings. Compared with the European leniency
program, Spagnolo (2000) proved that courageous leniency programs,
which give rewards to self-reporting firms, may deter collusion
completely and costlessly. Furthermore, Aubert et al. (2006) consider
bounty mechanisms, which give a reward to an employee who informs
his employer about illegal activity within their company.

Although these theoretical studies have been done, to the best of
our knowledge, only a few experimental investigations have been
carried out so far. Apesteguia et al. (2007) investigated leniency
programs in a one-shot Bertrand competition framework theoretically
and experimentally. They compared several variations of leniency
programs including a courageous leniency program proposed by
Spagnolo (i.e. giving a reward to applicants for the leniency programs)
to determine whether or not the programs deter cartel activities. They
found that the rate of cartel formation was the highest in the case that
a reward was provided for the action of reporting, which contradicts
the theoretical predictions. Hinloopen and Soetevent (2008) extended
Apesteguia et al.'s study to the repeated game framework. They found
that the leniency program is effective at lowering prices. However,
they also found that the effect is not strong enough against cartel
recidivism.

In many leniency programs, the first reporter has more advanta-
geous immunity over later reporters. This might make cartel members
to rush to report to the AA to get the highest leniency. If this is true,
then the leniency program which allows only the first reporter to get
the highest leniency is more effective than the one which gives
leniency to more than one reporter. In addition to that, the former
policy might be more successful at finding cartel activities without
increasing enforcement costs than the latter one. Since only unilateral
deviations from the equilibrium are to be considered according to the
Nash equilibrium concept, the equilibrium predictions in the two-
person game models used in previous studies can be applied to the
case where the game consists of more than two players and to the case
where the fine schedule is limited only to the first reporting firm.
However, we are not sure whether these predictions are true in real
situations. If every firm involved in a cartel activity can give legally
sufficient cartel information to the AA, the cartel can be dissolved
easily just by one firm reporting. That might make each cartel member
rely less on collusion as the number of cartel members increases. In
addition, cartels might be dissolved much faster with the leniency
program than without it, since if a firm reports the cartel information

2 See Monti (2002).
3 EC's Competition Policy Newsletter, Autumn 2005.
4 See Takeshima (2007).

to the AA, they can avoid a considerable fine when the cartel is
detected by the AA. Furthermore, such a deviation from collusion
could be accelerated if only the first reporting firm can avoid the fine
and others get a penalty. This tendency might be further reinforced by
introducing a courageous leniency program which gives a reward for
the reporting firm.

To investigate these institutional design issues, we must consider
what the crucial variables that the AA can manipulate to prevent firms
from forming cartels are. The variables the AA can control but firms
can not are the probability of investigation and the level of the
surcharge or fine. Those variables can greatly influence the incentive
of firms for cartel formation. If the probability of being caught and the
fine are very low (or high), firms believe that the expected profits that
they could gain from the cartel would be greater (or smaller) than the
expected losses from being caught.

Based on the considerations above, we experimentally controlled
the following three factors to compare several institutional designs of
leniency programs in a simplified oligopoly market:

(1) Cartel group size: the number of cartel members in a group is
either small (two members) or large (seven members).

(2) The fine schedule: the number of firms that are given leniency
is either only the first deviator (i.e. the first reporter of cartel
information) or all deviators.

(3) Degree of leniency: the firms that deviated from their cartel
receive (1) partially reduced fines, (2) fully reduced fines or (3)
rewards.

The model in our experiments is as follows. First, we assume that
every firm has already reached collusive agreement and formed a
cartel before the game (as the equilibrium condition mentioned later
assures). They know the probability of being investigated by the AA,
which is common knowledge among firms. Then, they voluntarily and
independently decide whether or not to report the cartel information
to the AA. If at least one player in a group reports the information, then
the evidence of their collusion is revealed to the AA with certainty, and
all but the players who reported the information suffer the full fine.
The players who reported the information can receive either (1)
exemption from penalty to some degree, (2) full exemption, or (3)
reward. If no one in a group reports the cartel information, the
collusion is detected by the AA with a certain probability, and every
member of the group suffers the full fine if their collusion is detected.’

Although it is very important to investigate whether people would
collude in the beginning under the leniency programs, the issue we
deal with here is limited only to how the leniency program works
under the situation where firms have already committed to colluding
with each other.® There are a vast number of experimental studies on
the prisoners' dilemma. Whether people are cooperative or not in the
game is not the issue we deal with here.

The experimental results showed that (1) the large size cartel
(7-person group) is more easily dissolved than the small size cartel
(2-person group) under the leniency program; (2) the fine schedule
(all reporters can get leniency or only the first reporter can) does
not affect the likelihood of cartel continuation; (3) positive enforce-
ment, such as giving a reward to reporters (courageous leniency
program), has a greater impact on dissolving cartel activities.

The organization of the paper is as follows. The theoretical model
we used in our experiment is explained in the next section. Our
experimental design and procedures are explained in Section 3, and

5 We assume that the AA can verify the cartel information with certainty, if the firm
they investigate is involved in a cartel.

5 This is the situation where each cartel member has been locked in a cartel, so they
do not doubt whether other members are colluding with their firm or not. But they can
decide whether to report their crime to get some immunity from the authority. By
controlling the starting strength of the cartels, we can genuinely focus on the impact of
the leniency program on hardcore cartels.
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Table 1
Two-person prisoners’ dilemma game
Player 1 Player 2

Cooperate Defect
Cooperate Tic, Tic Ticp, Tpc
Defect Tine, Tep Tp, Tp

Notel: pc>Tc>Tp>Tcp.
Note 2: In the experiment, mpc=60, =40, mp =20, mcp=10. However, ipc and mcp were
never realized since we did not allow subjects to deviate in Stage 1.

experimental results are discussed in Section 4. Finally, conclusions
are given in Section 5.

2. Model

The theories on leniency programs are usually based on the
prisoners' dilemma game (e.g. Motta and Polo, 2003). The structure of
this game is shown in Table 1.

Once a leniency program is introduced, one more stage is added to
the prisoners' dilemma game. Assuming that players commit to a

cartel with certainty initially, we use the following two-stage game as
a baseline game. It represents a simple oligopoly market.

Stage 1. Players collude with each other (choosing the “Cooperate”
strategy in Table 1).

Stage 2. Without knowing whether the AA will investigate the
players, they decide whether or not to report about their Stage 1
collusion to the AA. They make this decision independently and
simultaneously without communication. Players only know the
probability of investigation, p (0<p<1).

Fig. 1 shows the game structure for the 2-person case in which a
reduced fine is given to all reporters.

The incentive structure for the three degrees of leniency is as
follows. If both players do not report to the AA in the second stage and
the AA did not happen to investigate them, then each player can enjoy
the cartel profits (r1¢) for the round. If both players do not report but
the AA investigates the players, then both players suffer a full fine (F)
for the round. On the other hand, if a player deviated in the second

This game is repeated with probability of & (O<8<1),

Both  players  choose 1o
collude (C) in the beginning
of the game. I at Jeast one
player chose to report (R) in
Stage 2 in a round, or both
players chose not 1 report
but they are detected by the
AA, then they are lorced to
choose D in Stage [ in every
following roand.

Stage | £

Stnge 2

Player 1

. Player 2
el S

D T T = e (np.ap)
D

In these cases, plavers who reported pel
nie-R. and players who did not report get 2e-F (F=R).

Only  in this cose,
payers can  collude * -

v v Y Y Y

again in Stage 1 in the
next round, And they
can procecd to Stage 2
W decide whether o
report or nol.

In oll these cases, players can not collude anymaore from the
next round. From the next round, players go back o Suge |
and they are forced 1o choose I3 in Stage 1 and con not procecd
o Stage 2, They get only Tlp. which is strictly lower than ¢,
in every later ronnd.

Abbreviations:

C=cooperate, D=defect, Nl=not investigate, I=investigate, NR=not report, R=report

Fig. 1. The game tree for the case for immunity for all (2-person case).
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stage (reported to the AA), that player can receive partial or full
exemption from a fine (reduced fine=R (<F)), or get a reward (R’),
while the other non-reporting player suffers the full fine for the round.
The game is repeated with probability 6 (0<6<1), and the probability
is high enough that maintaining collusion is profitable to players. If
players can successfully maintain collusion (by not reporting) and the
AA does not detect the collusion, then they go back to Stage 1 to
commit collusion again and proceed to Stage 2 to decide whether to
report or not. However, once the collusion is detected by the AA, or
once at least one player deviated in the second stage, both players
cannot collude anymore in the later rounds. They fall under the AA's
control, and are forced to choose to defect in the first stage in all the
later rounds. They get only a competitive profit (mp) which is strictly
lower than the cartel profits (r¢) in every later round.

In the reward case, the reward R’ for a reporting firm is a fraction of
fines collected from not-reporting firms. The sum of fines collected
from not-reporting firms is distributed to reporting firms, that is,
R =« F,{,V—‘“‘ where Nyr is the number of players who did not report, Ng
is the number of players who reported, and « is a constant parameter.

Let us consider the incentive conditions for sustaining the collusion.
As we explained above, we assume that both players employ the
following trigger strategy: each player maintains collusion (not
reporting) as long as the other player does so. If one player deviates
from the collusion (by reporting), the other player will never collude
with the player again. Based on this trigger strategy, we can calculate the
discounted payoffs for the not-reporting strategy and the reporting
strategy in the standard repeated game analysis. In the following
discussion, we examine whether a player has an incentive for unilateral
deviation when his partner chooses the strategy of not reporting.

(1) The expected payoff for the not-reporting strategy (myg)

In this case, a player i does not defect from the collusion. However, if
the pair is investigated by the AA (with probability of p), both players
suffer the full fine F and they can not collude again in all the rounds
thereafter. On the other hand, if the pair is not investigated by the AA (with
probability of (1-p)), they can continue to collude in the next round, too.
Therefore, the expected payoff for this strategy with the discount factor
(probability of repetition of the game, 6 (0<6<1)) and p is as follows.

Mg =P (Tc=F) + 6 p + 57 mp 4+ -] + (1-p) {1 + 5 e

(neF) + 572+ (1p) e+ m

=p

Rearranging,

(2) The expected payoff for the reporting strategy (mr)

In this case, a player defects in the second stage. The defecting
player receives a reduced fine R or a reward R’, while the other player
suffers the full fine F. The pair can not collude in all the rounds
thereafter. The expected payoff for the reduced fine case is as follows.

M = (TR +6 Ty + 62 Ty +- - = (MR + 2 )

From the calculations above, myg 2y is the necessary and sufficient
condition for each player to sustain the collusion as an equilibrium (if
they follow the trigger strategy explained above). In our experimental
setting, the payoff from one-shot collusion (m¢) is 40 and the payoff
from not colluding is 20 (mp). The fine (F) is equal to m¢ (=40), the
partially reduced fine (R) is 5, the discount factor (6) is equal to 0.8, and
the probability of investigation (p) is 0.1, so R is set equal to 157.14
and my is set equal to 115 for the case that the reduced fine is given to

reporting firms. Obviously when a reporter gets full immunity from
fine, myy is still strictly higher than mk (=120). For the case when the
reward is given to reporting firms, myr is the same as in the reduced
fine case (=157.14) (since nobody gets any reward). The expected
payoff for the reporting strategy is

Mg = <nc+aF>;\IIVNR> +6 My + 6% Tp +- - 3)
R

x .
- (revalhn)  omo
set equal to 144, where acis 0.6 for the 2-person case. Therefore, firms
have an incentive to maintain collusion in all these cases, and all of the
leniency programs might be too weak to dissolve cartels.”

These incentive conditions cannot exclude other equilibria. Our game
can be reduced to a kind of stag-hunt game in which both the reporting
strategy and the not-reporting strategy are equilibria. We set payoffs for
the repeated game so that for both players not reporting is the payoff-
dominant equilibrium.® Therefore, we make the following hypothesis:

Hypothesis 1. None of these leniency programs can deter cartels at all.

Since only unilateral deviation from equilibrium is considered
according to the Nash equilibrium concept, these conditions can be
applied not only to the game which consists of two players but also to
the game which consists of more than two players. Therefore, we
make the following hypothesis.

Hypothesis 2. The not-reporting strategy is observed dominantly in
both the two-person case and in the seven-person case.

Furthermore, the same equilibrium conditions can be applied to the
case where leniency is limited to only the first reporting player. To pursue
such an institutional design issue, we compared different fine schedules.
One schedule is that only the first reporter can get a reduced fine or a
reward. The other schedule is that all reporters can get the fully or partially
reduced fine or the reward. We make the third null hypothesis as follows.

Hypothesis 3. The rate of collusive groups is close to 1 in both fine
schedule cases (the first reporter is given leniency or all reporters are
given leniency).’

Although the difference of expected payoffs between the reporting
strategy and the not-reporting strategy is smaller in the reward case
than in the reduced fine case, the expected payoff for the not-
reporting strategy is strictly higher than the one for the reporting
strategy in both cases. Therefore, we make the fourth hypothesis:

Hypothesis 4. The frequency of collusion is close to one regardless of
the degree of leniency.

However, the hypotheses above seem to be too tight and extreme.
One may expect that the larger the number of colluding members, the

7 In the reward case, « is set equal to 0.6 for two-person cases and 0.1 for seven-
person cases so that the maximum reward for an individual firm is equal in the two-
person and seven-person cases. A player can get a reward of at most 24 points in the
seven-person case (=0.1x40x6/1), when the six other cartel members decided not to
report.

8 When the fine is partially reduced (R=5), All players never reporting is a risk-
dominant equilibrium as well. However, when the fine is fully reduced and even a
reward is given to a reporter, the equilibrium is no longer risk dominant according to
our parameter settings.

9 However, we can imagine a counter hypothesis to Hypothesis 3. The deviation
from the collusion could be accelerated if only the first reporter can get a reduced fine
or a reward because each player may rush to get them before the others can. The more
uncertain subjects feel about other people's rationality, the more this phenomenon
would be observed.
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Table 2
Treatment details

149

Without leniency

Group size Session date Location # of subjects
2 2005/6/15 Kyoto 26
7 2005/6/18 Kyoto 28

With leniency

Group size Session date Location # of subjects Leniency type Treatment order

1st 2nd
2 2004/05/19 Kyoto 28 Partial All One
7 2004/05/22 Kyoto 28 Partial All One
7 2004/10/23 Kyoto 28 Partial All One
7 2004/10/27 Kyoto 28 Partial All One
2 2007/04/18 Kyoto 26 Full All One
2 2007/04/21 Kyoto 20 Full One All
7 2007/07/11 Kyoto 28 Full All One
7 2007/07/14 Kyoto 28 Full One All
2 2005/06/16 Hakodate 20 Reward All One
7 2005/06/17 Hakodate 28 Reward All One
7 2005/06/17 Hakodate 28 Reward All One
2 2007/07/20 Hakodate 28 Reward All One
7 2007/07/20 Hakodate 28 Reward All One
7 2007/09/13 Hakodate 28 Reward One All
2 2007/09/14 Hakodate 28 Reward One All

Total 456

larger the probability that at least one member of the group will
deviate from the collusion under a leniency program (even if such a
probability for each member is small). The equilibrium prediction
above is based on the assumption that players can calculate the
expected utility of each strategy correctly (without any bias), and they
would follow the same logic to select the not-reporting equilibrium as
the most plausible one. However, this assumption is not guaranteed in
the laboratory.

We have a conjecture that if subjects believe that the other sub-
jects are risk averse (too afraid of the prospect of loss in the case that
their partner(s) cheat on them), they would not count perfectly on the
idea that every other subject would focus on the not-reporting
equilibrium anymore. Therefore, one may conclude that such a simul-
taneous coordination toward the not-reporting equilibrium (without
communication) would be unlikely, especially when a group size is
large.

Suppose a group consists of n members and each player anticipates
that they are matched with a player who chooses the not-reporting
strategy with probability iy (0<7y<1), where 7y represents the degree
of trust among players, and that they are matched with the other type
of a player who chooses the reporting strategy with probability 1-+.
Then, with probability "', a player who chooses the not-reporting
strategy will face the situation in which all the other players also
choose the not-reporting strategy and can maintain the cartel. If at
least one player deviates from the not-reporting strategy, this will
occur with probability 1-y"~". In this case, the player who chooses
the not-reporting strategy should pay F and he can no longer form a
cartel. Then, the expected payoff of that player for choosing the not-
reporting strategy becomes,

1

- - o,
e [ 1) (e e 1

ﬁ) +y" ! (1-p)mc
(4)

T'NR =

This is a deceasing function of n since 0<¢, y<1 and mp<mc in our
parameter settings. That is, the larger the number of players involved
in the game, the less incentive the player has for choosing the not-
reporting strategy. To be more specific, y*~1>0.74786 is a necessary
and sufficient condition for the not-reporting strategy to be the best

: _ _ 80-36y"" S
response since mr=115 and 1’ ng = W according to our parameter

settings and Eqgs. (2) and (4).!° Given a large enough <y, namely, a
subject's belief about the other subjects' behavior is close to the one in
the equilibrium, the not-reporting strategy is still the best response
with respect to the player's non-equilibrium belief +y. In other words,
7v has to become higher as the group size n becomes bigger to satisfy
the condition y"~1>0.74786. This means that members of a large size
cartel must trust other members more strongly than in a smaller size
cartel, if they have an incentive to maintain collusion. Therefore, we
raise the following behavioral hypothesis.

Hypothesis 5. In the 7-person case, there are fewer groups which
manage to keep collusion than in the 2-person case.

Based on the theoretical model and these hypotheses, we
conducted a series of experiments. The details of the experiments
are explained in the next section.

3. Experimental design and procedure

Experiments were conducted at Kyoto Sangyo University and
Future University-Hakodate in 2004, 2005, and 2007. Subjects were
recruited from among various majors. At Kyoto Sangyo University,
subjects were recruited from the economics, business, law, foreign
languages, cultural studies, engineering, and science departments. All
subjects from Future University-Hakodate were computer science
majors. We ran 17 sessions in total. Table 2 summarizes all the session
details.

There are two treatments without a leniency program (NO
LENIENCY, hereafter). We ran 2-person group and 7-person group
sessions for NO LENIENCY. In addition to these base treatments, there
were 12 different kinds of treatments with leniency programs. They
differ depending on three control variables (group size, fine schedule
(leniency for all reporters or leniency for the first reporter only), and
the degree of leniency (partial reduction of penalty, full reduction of
penalty, or rewarding the reporter(s)). We call a treatment in which
leniency is given to all deviators ALL, and a treatment in which
leniency is given to only the first deviator ONE. Concerning the degree
of leniency, we call the treatment with partial reduction of fine,

1% When the reward is introduced, the condition becomes stricter and vy has to be
higher than approximately 0.94562 according to Eq. (3).
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Table 3
The number of rounds in each session
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Without leniency

Date Trial 1 Trial 2

Trial 4 Trial 5

2005/6/15 15 4
2005/6/18 15 4

With leniency

Date All

Trial 1 Trial 2 Trial 3 Trial 4

Trial 5

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

2004/05/19 1
2004/05/22 15
2004/10/23 5
2004/10/27
2007/04/18
2007/04/21
2007/07/11
2007/07/14
2005/06/16
2005/06/17
2005/06/17
2007/07/20
2007/07/20
2007/09/13
2007/09/14
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PARTIAL, the treatment with full reduction of fine, FULL, and the
treatment with reward, REWARD.

17 sessions were run in total. The experimental procedures were
programmed and conducted on z-Tree (Fischbacher, 1999) with
computers with a network connection.

Except for the sessions for NO LENIENCY, each session consisted of
two treatments in sequence and included some sort of leniency
program. In most of those sessions, the first treatment was ALL, and the
second treatment was ONE. To see the order effect, we reversed the
treatment order for some FULL and REWARD sessions (see Table 2). In
each treatment, subjects played with the same partner(s) for five trials
in sequence.

To make our subjects understand that sustaining a cartel is the
most profitable for them, they experienced the mutually cooperative
outcome through a prisoners' dilemma game before the real
experiment started. In this practice treatment, they could choose
only cooperation for four to eight rounds.!! In addition to that, subjects
practiced clicking their mouses according to the experimenter's
directions to get used to how to manipulate the computers and how
to understand the information shown on the screen for their decision
making. They were not allowed to make any free decisions until the
actual round started.

At the beginning of all treatments, each subject is asked to make a
decision for Stage 1. There are two radio buttons (A or B) on the screen
(see Appendix). A means collusion and B means defection. Subjects are
restricted to choosing A. All subjects were restricted to colluding in
Stage 1 in all treatments since we intentionally wanted to create a
situation in which subjects committed to colluding with each other
from the beginning.!> When all group members choose A, the
computer screens in each booth shows the result of Stage 1 confirming
that other member(s) of his or her group also chose A. Upon knowing
that everybody in his or her group committed to colluding, they move
on to Stage 2 to decide whether to deviate from the cartel. They see the
computer screen asking to click one of two radio buttons, C or D. C
means not to deviate (i.e. not to report) and D means to deviate (i.e.
report). In other words, subjects know that when they choose C (and

"' This practice treatment was not run in NO LENIENCY since in these treatments it is
very easy to understand that maintaining the collusion is the most profitable. In the
Hakodate sessions, the number of practice rounds was limited to four because of time
constraints.

12 The reason why we did this is explained in footnote 6 in Section 1.

do not draw a payoff reduction lottery (=investigated by the AA with
the probability of 0.1)), they can receive 40 points each. If they happen
to draw a payoff reduction lottery, however, they get nothing for the
round.

When at least one of them chooses D, on the other hand, all the
people who chose D can receive leniency (in ALL treatments), the
other member(s) get nothing for that round, and the group can never
go back to choosing A in Stage 1 in later rounds. (In the ONE treatment,
only the first subject to choose D can receive leniency for that round,
while all the others get nothing. In the NO LENIENCY treatment, even
if a subject chose D in Stage 1, there is no leniency for him or her.) In
the case in which at least one member of the group chose D in Stage 2,
all the members of the group are forced to choose B in later rounds,
which means they get only 20 points per round until the end of the
trial. This also happens in the case of drawing a payoff reduction
lottery. When all the members of a group have finished making a
decision for Stage 2, they see the result of Stage 2.1

At the end of each round, individual decisions of intra-group
members were revealed to each player, plus whether the collusion
activity in their group (choosing A in Stage 1) was found by the AA or
not. Subjects could tell who deviated (chose D in Stage 2) at the end of
a round. However, the identities of subjects and where they sat were
kept confidential to guarantee anonymity among subjects.'® If every-
body in the group chose C and the group was lucky not to get a payoff
reduction lottery, then they go back to the screen for Stage 1 to
continue the guaranteed collusion again (choose A again), and can
move on to Stage 2. However, if the group members chose C in Stage 2,
and they got a payoff reduction lottery, then all the members get
nothing (paying the full fine (=40)). They will then be restricted to
choosing B in Stage 2 in the subsequent rounds as long as the session is
continued (=with the probability of 0.8). There will be no decision
making for Stage 2 since their collusion had been dissolved.

In addition to the fine schedule (ONE or ALL), there are three
degrees of leniency. When the fine schedule is ONE, only the first

13 We did not tell subjects that the experiment was about anti-cartel policy. Instead
of telling them that a cartel formation of their group was discovered by the AA, we
simply told them that their group had drawn a payoff reduction lottery. We did not use
any terms such as cooperation, defection, reporting and not reporting, but more
neutral terms, such as choosing A (=collude) or B (=not collude) in the first stage
(although subjects could choose only A), and choosing C (=not report) or D (=report) in
the second stage.

4 Subjects distinguished other subjects in their groups by a number ID.
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Table 4
The average ratio of collusive groups at the first round of each trial
Without leniency
Group size Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean
2 1.00 1.00 1.00 1.00 1.00 1.00
7 1.00 1.00 1.00 1.00 1.00 1.00
With leniency
Group size Leniency type Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean

All One All One All One All One All One All One
2 Partial 0.71 0.86 0.86 0.93 0.86 0.93 0.93 0.93 0.93 0.93 0.86 0.91
7 Partial 0.17 0.17 0.17 0.17 0.17 0.08 0.17 0.17 0.17 0.08 0.17 0.13
2 Full 0.91 0.91 0.91 0.96 0.96 0.91 0.96 0.96 0.91 0.87 0.93 0.92
7 Full 0.13 0.25 0.13 0.13 013 0.13 0.13 0.13 0.13 0.13 0.13 0.15
2 Reward 0.74 0.63 0.71 0.68 0.66 0.66 0.66 0.63 0.63 0.66 0.68 0.65
7 Reward 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Table 5
The average rate of collusive groups at the last round of each trial
Without leniency
Group size Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean
2 1.00 1.00 1.00 1.00 1.00 1.00
7 1.00 1.00 1.00 1.00 1.00 1.00
With leniency
Group size Leniency type Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Mean

All One All One All One All One All One All One
2 Partial 0.71 0.71 0.79 0.79 0.71 0.93 0.79 0.93 0.93 0.93 0.79 0.86
7 Partial 0.17 0.17 017 0.17 0.17 0.08 0.17 0.08 0.17 0.08 0.17 0.12
2 Full 0.91 0.87 0.83 0.96 0.87 0.87 0.87 0.96 0.87 0.83 0.87 0.90
7 Full 0.13 0.25 0.13 0.13 0.13 0.13 0.13 0.13 013 0.13 0.13 0.15
2 Reward 0.74 0.37 0.42 0.47 0.42 0.55 0.29 0.63 0.45 0.39 0.46 0.48
7 Reward 0.06 0.06 0.06 0.06 0.06 0.06 0.00 0.06 0.06 0.06 0.05 0.06

member who chose D can receive leniency or a reward (in PARTIAL,
the exemption is 35; in FULL, the exemption is 40; in REWARD, the
exemption is 40 or more, depending on the number of members who
defected in Stage 2).

The game depicted in Fig. 1 explains the above procedure for the 2
person case with PARTIAL, as an example. The game was repeated
with a probability of 0.8 within each trial.”> Within each trial, the
number of repetitive rounds was not known beforehand. In all
treatments, each group was investigated by the AA with the
probability of 0.1. The number of rounds in each trial for each session
is shown in detail in Table 3.1

No subject participated in more than one session. Subjects were
randomly assigned to a booth with partitions in front and on both
sides of the desk in the laboratories. It was impossible for them to
make direct contact, i.e., by talking or making eye contact, with other
subjects during sessions. The instructor distributed written instruc-
tions to the subjects and read them aloud to make all the parameters
and rules of the experiment common knowledge among subjects. The
instructions for the case of ALL (2-person treatment, PARTIAL) are
provided in the Appendix.

At the beginning of each session, subjects were told that they were
going to experience two treatments (ONE and ALL) and only one of the
results of the treatments would be paid by choosing one of them by

15 The first round was realized with certainty.

16 We ran sessions for PARTIAL using a random stopping rule, so that the computer
terminated each trial with the probability of 0.2. However, we realized that this would
make the data unbalanced. Therefore, we ran sessions for FULL and REWARD with the
same number of rounds in each trial, eliminating the random stopping rule. We set the
number of rounds to equal those chosen by computer in PARTIAL sessions. We had to
set the composition of rounds differently between ONE and ALL so that each subject
could not guess the length of a trial in the second treatment.

lottery at the end of the course of the treatments.”” The experimenter
read the instructions for each treatment at the beginning of each
treatment, so subjects were not aware of the details of each treatment
until just before the treatment began. Therefore, there was no
incentive for subjects to sacrifice their profits in one treatment in
order to make higher profits in a later treatment.

We did not allow subjects to have any communication before
making their decisions. When cartel members decide whether to
apply for the leniency program, they make the decision secretly from
other cartel members. Therefore, we simply made subjects make their
decisions without communication.

All sessions lasted about 2 h. Subjects were paid individually in
cash according to their experimental results. During the experiments,
subjects' earnings were represented by points. They were told in the
instructions that one point would be exchanged for five yen at the end
of the experiment. The average payment for subjects in the two-
person group experiment was 5014 yen (about 43 US dollars,
$1=116 yen), and the average payment in the seven-person group
experiment was 3232 yen (about 29 US dollars).'®

4. Results
4.1. Group-level analysis

Tables 4-5 summarize the average ratio of collusive groups in all
treatments for the first rounds and the last rounds respectively.

17 Subjects were paid for the 8-round practice treatment (see footnote 7) as a show-
up fee in all the treatments except for NO LENIENCY sessions. The treatments for NO
LENIENCY were actually run first before 2 or 3 other kinds of treatments (which are not
explained in this paper). Subjects in these treatments were paid for the results by
chance (lottery).

18 The calculation of the average payments includes a show-up fee (=800 yen).
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Fig. 2. The average rate of collusive groups (group size: 2-person; leniency is given to only the first deviator).
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Fig. 3. The average rate of collusive groups (group size: 2-person; leniency is given to all deviators).

Figs. 2-5 show the time series data for the average ratio of collusive
groups which sustained collusion during the treatments. They are (2-
person, ONE), (2-person, ALL), (7-person, ONE), and (7-person, ALL)
respectively. The figures compare the impact of the degree of leniency
programs among NO LENIENCY, PARTIAL, FULL, and REWARD. The
graphs depict only the ratio of groups which did not dissolve their
cartels voluntarily, including the case in which none of the members
of a group defected in Stage 2 but happened to get a payoff reduction
lottery."®

Each graph includes a line representing NO LENIENCY as the
benchmark case. This line shows that no one was willing to dissolve
cartels in both the 2-person case and the 7-person case. This indicates
that subjects understood that there is no incentive to dissolve cartels
in the treatment. The result implies that members of hardcore cartels,

19 Because of the experiment design, once a group unluckily got a payoff reduction
lottery (with the probability of 0.1), they were forced not to collude in later rounds. We
simply assumed that those groups would have kept colluding if they were lucky.

who do not doubt about their group members collusion, do not break
up their cartels voluntarily when there is no leniency program (and
when the frequency of the authority's monitoring is low).

2-person treatment results (Figs. 2 and 3) show that the impact of
leniency programs varies among PARTIAL, FULL, and REWARD. In most
of the rounds, more than 50% of the groups tried to maintain their
cartel in those treatments. The results also show that the impact of
PARTIAL and FULL do not seem significantly different, while REWARD
seems to promote more players to dissolve cartels voluntarily than
PARTIAL and FULL as the experiments proceeded. 7-person treatment
results (Figs. 4 and 5) show that most groups rarely managed to
maintain cartels in all the treatments with leniency. The result
indicates obviously that Hypothesis 1 is rejected.

To verify these observations and evaluate the hypotheses described
in Section 2, we estimated a random effects logistic regression model
using the data of PARTIAL, FULL, and REWARD. Whereas in Tables 4-5
and Figs. 2-5 we focus on the degree of successful collusion, in the
following discussion we focus on the degree of cartel dissolution as the
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Fig. 5. The average rate of collusive groups (group size: 7-person; leniency is given to all deviators).

dependent variable. The estimations were performed using Stata
(version 8).

Pr(R=1)=G|Bg +3;ONEorALL; + 3,Groupsize; + 33Round; + 34 1stround;
+ Bs0rder:+ 3gFULL; + 3;REWARD; + Groupsize; (33 ONEorALL;
+BoFULL; + B1oREWARD;) + ¢; + Uj¢]. ©)

G is the logistic cumulative distribution function. The estimated
coefficients and other statistical information are shown in Table 6. In
the above equation, i denotes the group and t denotes the round. Since
subjects could interact with other subjects within their group, we
employed group-level data in the analysis. R is a response variable
that equals 1 when a cartel was dissolved voluntarily and 0 if the cartel
was not dissolved voluntarily.

The variable ONEorALL; is a dummy variable, which equals 1 for
ALL and 0 for ONE; it changes across i and t. The variable Groupsize; is
also a dummy variable, which is 1 for the seven-person group and 0

for the two-person group; it changes across i, but does not change
across t, which is why it has no t subscript. The variable Round,
consists of {1, 2,..., 16}. The variable 1st_round, is a dummy variable
that equals 1 when t=1 and 0 otherwise; it does not change across i,
which is why it has no i subscript. The dummy variable Order;, is a
dummy variable which equals 1 when t=1, 2,..., 8 (rounds for the first
treatment) and 0 when t=9, 10,..., 16 (rounds for the second
treatment); it does not change across i. The variable FULL; is a
dummy variable which equals 1 for FULL and O for PARTIAL and
REWARD; it does not change across t, which is why it has no ¢t
subscript. The variable REWARD; is a dummy variable which equals 1
for REWARD and 0 for PARTIAL and FULL; it does not have t subscript
by the same reason for FULL;. Since group size was the same during
each session, it can interact with ONEorALL;, FULL, REWARD;. The
term with Groupsize; in the brackets contains the interaction terms of
those variables. We assume that the unobserved group heterogeneity
effect ¢; is independent of all explanatory variables in all rounds.
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Table 6
Random effects logistic regression on cartel dissolution using group data

Dependent variable: cartel dissolution (if a group dissolved its cartel=1,otherwise=0)

Number of observations=1776, Number of groups=111

Group variable: group
Log likelihood=-327.37

Independent variables Coefficient Std. err. z P>|z|
Constant -132 0.88 -1.49 0.14
ONEorALL; 0.29 0.28 1.06 0.29
Groupsize; 4.28 0.75 5.69 0.00
Round, 0.03 0.06 0.45 0.65
1st round, -1.78 0.28 -6.31 0.00
Order; -0.35 0.52 -0.67 0.50
FULL; -0.84 0.62 -1.36 0.17
REWARD; 2.67 0.47 5.63 0.00
Groupsize;x ONEorALL; -0.69 0.77 -0.90 0.37
Groupsize;x FULL; 5.26 1.28 411 0.00
Groupsize;x REWARD; 3.22 1.26 2.56 0.01
Note:

ONEorALL;: if the only first deviator is given leniency=0; if all deviators are given
leniency=1.

Groupsize;: two-person group=0, seven-person group=1.

Round,: Round index consisting of {1, 2,..., 16}.

1st_round,: a dummy variable that equals 1 when t=1 and 0 otherwise.
Order;: the treatment which was run first=1, the treatment run next=0.
FULL;: treatment with full leniency =1, otherwise=0.

REWARD;: treatment with reward =1, otherwise=0.

Therefore, we employed the random effects model.° The error uj, is
the idiosyncratic (time-varying) error.

Round; consists of {1,2,..., 16} in sequence. There are more than 16
rounds in total in each session (see Table 3). The reason why we did not
use the data from all of the rounds is that the data after a group's cartel
was dissolved was fixed automatically as either “dissolved” or “not
dissolved” in our analysis. For example, if at least one member of a group
defected in Stage 2 (=their collusion was dissolved voluntarily), they
could never go back to colluding in Stage 1 (by choosing A), but had to
choose not to collude (by choosing B) in later rounds. The status of such a
group was set as “dissolved” until the trial ended. On the other hand,
suppose that none of the members of a group defected in Stage 2, but got
a payoff reduction lottery during some round. In this case also, they
could never go back to colluding in Stage 1 (by choosing A), but had to
choose not to collude (by choosing B) in later rounds. The status of such a
group was set as “not dissolved” until the trial ended. We counted this
case as “not dissolved” for analysis since they could have maintained
collusion if they had been lucky. Since the status of the group was set as
“not dissolved” artificially, we wanted to avoid counting the data of the
later rounds as real action by subjects.

Originally we wanted to choose the first and last rounds of each
trial for analysis. However, some trials have only one round; therefore,
we simply could not choose two rounds from each trial. To compare
ONE and ALL fairly, we established the following set of rules for
analysis:

1. Use the data of the first round from each trial in each session

2. Select the data of one more round which represents the final
outcome of each trial.

3. The additional round has to be common to both ONE and ALL for
fair comparison.

4, If there is only one round in a trial in either ONE or ALL, compare
only the first rounds for the trial.

20 We also ran the fixed effects model, and the results were consistent with those of
the random effects model for the variables we were able to compare (i.e. ONEorALLy,
Roundt, 1st round,, Order,, and Groupsize;x ONEorALL;, which are all time-varying
variables).

Following the above rules, we chose the data from sixteen
particular rounds, which were the first round and the round as close
to the last round that was common to both ONE and ALL. For example,
in trail 2, ONE lasted 10 rounds, but ALL was terminated at round 6.
Therefore, the sixth round is the round that is closest to the last round
and common to both treatments. The rounds chosen for analysis are:
for both ONE and ALL, the first round from trial 1, the first and the sixth
rounds from trial 2, the first and the third rounds from trial 3, the first
round from trial 4, and the first and the third rounds from trial 5.

The reason why we did not use all the data is that there are two
possible factors that may mislead the statistical results, if we were to
do so. One is that each trial has a different number of rounds because
the number of rounds is determined probabilistically, i.e., they depend
on the probability 6. For example, most sessions of ALL have only one
round in trial 1. On the other hand, most sessions of ONE have 8
rounds in trial 1. For comparison, the data of the first round is the only
fair candidate to compare the data between ALL and ONE. There is not
enough data to know how subjects would have behaved if trial 1 had
lasted 8 rounds in ALL sessions. Therefore, we chose the data for the
first round of each trial since all sessions of all treatments have data for
the first round. The second reason is that we also wanted to analyze
data from rounds other than the first round. It is important to capture
the characteristics of each treatment regarding how many groups
ended up dissolving their collusion by the end of each trial. However,
we should not simply compare the result of the last round of each trial.
The longer a trial lasted, the more subjects were able to interact with
each other. If we simply compared the results of the last round, a
treatment which has more rounds in a trial might be evaluated as
having more groups that dissolved the collusions. This comparison is
not fair. Therefore, we chose the data of round 6 for trial 2, round 3 for
trial 3, and round 3 for trial 5. (Since both ALL and ONE had only one
round for trial 1 and trial 4, we compared the data of only the first
round for those trials.)?!

From Table 6, one can see that the coefficient of Groupsize; is
significantly positive, which indicates that the rate of cartel dissolution
is significantly higher in the 7-person case than in the 2-person case.?
Hence, Hypothesis 2 is rejected, and Hypothesis 5 is accepted. The
coefficient for OneorALL; is not significant, which means that the fine
schedule does not have a strong impact on people's behavior under our
experimental parameters. Hence, Hypothesis 3 is accepted. From this
result, we can conclude that limiting the number of firms which can
enjoy the leniency program does not have a significant impact on the
ability of collusive firms to maintain their collusion. The coefficient for
1st_round, is significantly negative, which indicates that even if groups
dissolved their cartels in the previous trial they recovered their cartels
in the new round of the next trial (see Figs. 2-5). That is, there existed
cartel recidivism even when a leniency program was introduced. The
coefficient for FULL; is insignificant, which means that the impact of
leniency programs does not differ between the partial leniency and the
full leniency treatments. On the other hand, the coefficient for Reward;
is significantly positive, which indicates that positive enforcement

2! However, there are some exceptions. We selected 16 rounds from each session so
that the data would be balanced compared to the other treatments. In the sessions for
7-person with Partial leniency (run on 5/22, 10/23, and 10/27 in 2004), the number of
rounds varied across sessions (see Table 3). None of these sessions had 6th rounds in
trial 2, so we had to choose rounds approximately equivalent to the other treatments.
We selected the rounds {(1), (1,4), (1),(1,3),(1,3)} for ALL, {(1), (1,3), (1,3),(1), (1,3)} for
ONE for the 5/22 session. , {(1),(1,4),(1,3),(1),(1,3)} for ALL, {(1),(1,4),(1,2),(1),(1,3)} for
ONE for the 10/23 session, and {(1),(1,2),(1,3),(1,3),(1)} for ALL, {(1),(1,3),(1,3),(1)(1,3)}
for ONE for the 10/27 session.

22 Although some coefficients for the interaction terms are significant, they do not
reflect the characteristics of their marginal effects on cartel dissolution sufficiently. The
software package we used (Stata) does give outputs on coefficients, but we should be
careful about how to interpret them because they do not mean the marginal effects of
the interaction terms in terms of both their signs and their magnitudes. See Ai and
Norton (2003) for more on the correct interpretation of coefficients of interaction
terms.
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such as giving a reward for a self-reporting firm in a courageous
leniency program has a great impact on dissolving cartel activities.>®
Thus, Hypothesis 4 is rejected. The coefficient for Round is not
significant. Subjects could have gained enough experience and could
have become familiar with our experimental environment as trials
proceeded. After eliminating the first round effect, however, there was
no significant tendency for the number of cartels to change as time
proceeded. The coefficient for Order, was also not significant, which
implies that the treatment order does not significantly affect the
subjects' behavior.?*
The main results of our experiments are summarized below.

Result 1: Leniency programs are useful to deter cartels even if they
are not theoretically strict enough to eliminate the collusive
equilibrium. This tendency is more salient in the case of a large
cartel group than in the case of a small cartel group.

Result 2: The not-reporting strategy was observed more frequently
in the two-person case than in the seven-person case.

Result 3: The rate of cartel dissolution was not significantly
different between the case in which only the first reporter can use
the leniency program and the case in which all reporters are
allowed to use the program.

Result 4: The frequency of collusion dissolution is significantly
higher when the courageous leniency program, which gives
rewards, is used.

Having seen that rewarding reporters has a strong impact on
deterring cartels, we next estimate the change in the predicted
probability as it goes from Reward;=0 to Reward;=1 by

G [X B+ gREWARD + EGROUPSIZE*REWARD] -G [)_( E} : (6)

X is the vector of the average values for other variables, and Bis
the vector of their estimated coefficients in Table 6. Brgwarp and
Bgroupsizerrewarp are the estimated coefficients for REWARD; and
Groupsize;x REWARD; in Table 6, corresponding to B; and By in
Eq. (5) respectively. The effect of reward was approximately 0.6423
(standard error=0.057, p<0.001). Therefore, about 64% more cartels
were dissolved by the leniency program with reward than the
average level of other leniency programs without it in our
experimental setting.?’

4.2. Individual level analysis

By looking only at group-level data, we might have neglected some
significant effect of leniency programs at the individual level. In
addition, the insignificance of the effect of the fine schedule (ONE and
ALL) may be due to individual subject social background character-
istics (e.g., gender).

To see how robust the statistical result using group data is, we also
analyzed individual level data including the gender information about
each subject. Although most of the individual data is not independent
since subjects interact with each other in the course of the expe-
riments, we can use the data for the first rounds, before subjects
interact. Strictly speaking, even the data of the first rounds in trails 2-5
are not independent, since subjects made decisions under the in-
fluence of the result of trial 1. However, Figs. 2-5 show that subjects

23 We also compared FULL and REWARD separately. Significantly more cartels were
voluntarily dissolved in REWARD than FULL (p<0.01).

24 This result justifies combining the data from sessions in which ALL was run first
and sessions in which ONE was run first.

25 The probability of the change could differ depending on which point we evaluate it
from, and what kind of cumulative distribution function is employed. Although we can
modestly say that a leniency program with reward has a great impact on cartel
dissolution, the magnitude of this estimated probability should not be overstated.

Table 7
Random effects logistic regression on cartel dissolution using individual data at the first
round with social background (gender)

Dependent variable: cartel dissolution (if a subject chose D=1,otherwise=0)

Number of observations=3260, Number of subject=326

Group variable: subject
Log likelihood=-1125.99

Independent variables Coefficient Std. err. z P>|z|
Constant -11.97 0.82 -14.53 0.00
ONEorALL; 0.29 0.29 0.98 0.33
Groupsize; 5.96 0.64 9.24 0.00
Trial, 0.80 0.05 15.26 0.00
Order, 2.60 0.27 9.55 0.00
Gender; -0.75 0.30 -2.54 0.01
FULL; -0.80 0.87 -0.92 0.36
REWARD; 337 0.58 5.85 0.00
Groupsize;x ONEorALL; 0.89 0.32 2.73 0.01
Groupsize;x FULL; 2.80 0.95 2.93 0.00
Groupsize;x REWARD; -3.10 0.65 -4.78 0.00
Note:

ONEorALL;: if the only first deviator is given leniency=0; if all deviators are given
leniency=1.

Groupsize;: two-person group=0, seven-person group=1.

Trial: Trial index consisting of {1, 2,..., 10}.

Order,: the treatment which was run first=1, the treatment run next=0.

Gender;: female=0; male=1.

FULL;: treatment with full leniency =1, otherwise=0.

REWARD;: treatment with reward =1, otherwise=0.

seem to reset the result of the previous trial and recover their
collusions in the first round of each trial. Therefore, we used the data
of the first round of all the five trials. We employed the following
random effects logistic regression model using the individual data of
the first rounds among PARTIAL, FULL, and REWARD.?®

Pr(R=1)=H[B, + 3;ONEorALL; + 3,Groupsize; + 3;Trial; + 3,0rder;
+BsGender; + BgFULL; + 3;REWARD; + Groupsize;
(BgONEOrALL; + BoFULL; + B,o0REWARD;) + & +ue].  (7)

Similar to Eq. (5), H is the logistic cumulative distribution function.
The estimated coefficients and other statistical information are shown
in Table 7. In the above equation, i denotes the subject and t denotes
the trial. R is a response variable that equals 1 when a subject
dissolved their cartel voluntarily (by choosing D) and 0 if a subject did
not dissolve the cartel voluntarily (by choosing C) in the first rounds.

The meanings of most explanatory variables are similar to those in
Eq. (5). The variable Trial, consists of {1, 2,..., 10}. Since subjects went
through 10 trials till the end of the session (5 trials each of ONE and
ALL), there are 10 samples of the first rounds for each subject. The
variable Order, is a dummy variable which equals 1 when t=1, 2,..., 5
(the five first rounds for the first treatment) and 0 when t=6, 7,..., 10
(the five first rounds for the next treatment). The variable Gender; is a
dummy variable which equals 1 if a subject is male and 0 if a subject is
female. We assume that the unobserved subject heterogeneity effect
g; is independent of all explanatory variables in all trials. Therefore, we
employed the random effects model. The error u;, is the idiosyncratic
(time-varying) error.

From Table 7, one can see that the coefficients for Constant,
Groupsize;, Trial,, Order,, Gender;, REWARD; are significant (p<0.05).
Similar to the result of the group-level data, the coefficient ONEorALL;
is not significant. The result means that the fine schedule does not

26 We ran the fixed effects model for individual data, as well. The results were also
consistent with those of the random effects model for the variables we were able to
compare (i.e. ONEorALL,, Trial,, Order;, and Groupsize;x ONEorALL;,, which are all time-
varying variables).
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have a strong impact even at the individual level. The coefficient of
Groupsize; is significantly positive. The result indicates that the rate of
applying for the leniency program is significantly higher in the 7-
person case than in the 2-person case, confirming the group-level
analysis. The coefficient for Trial, is significantly positive, which
indicates that subjects dissolved their cartels more voluntarily as the
experiment proceeded. However, this tendency is not strong enough
in the analysis for the group-level data. The coefficient for Order, is
significantly positive, which indicates that subjects dissolved cartels
more in the first treatment than in the following treatment. This result
implies that people would not necessarily give up colluding even if
they experienced their cartels being dissolved by leniency programs
before. The coefficient for Gender;, is significantly negative, which
indicates that fewer men dissolved their cartels than women. The
coefficient for REWARD; is significantly positive, which is similar to the
group-level analysis.?’” The most interesting result from the above
analysis is that the effect of the fine schedule (ONEorALL;) is still
insignificant even after eliminating social background bias such as
gender. That is, people do not change their behavior according to the
fine schedule. The subjects' behavior is more influenced by group size
and the high reward.”®

5. Conclusions

We studied several kinds of leniency programs through labora-
tory experiments. It is expected that the larger the group, the larger
the probability of cartel dissolution will be. In addition, the deviation
from collusion could be accelerated if only one firm is given a
reduced fine. Based on the predictions above, under a simplified
oligopoly market, we experimentally controlled the following three
factors to compare several institutional designs of leniency pro-
grams; (1) group size: the number of members in a group, small
group (two members) or large group (seven members), (2) fine
schedule: only the first reporter of cartel information is given
leniency, or all reporters are given leniency, and (3) degree of
leniency: a partially reduced fine, a fully reduced fine, or a reward is
given to self-reporting firm.

The experimental results showed that (1) the larger the number of
cartel members in a group, the weaker their ability to maintain the
collusion is, (2) changing the fine schedule does not have a significant
impact on firms' ability to maintain collusion (limiting the number of
firms which can enjoy leniency does not make people rush to dissolve
their collusion by reporting), and (3) positive enforcement, such
giving a reward for a self-reporting firm in a courageous leniency
program, has a great impact on dissolving cartel activities. That is,
Spagnolo's prediction that the AA should give rewards to firms to
deter cartels was proved experimentally to be correct.?93°

27 Although we had 112 subjects for the 7-person with REWARD treatment in total,
we could collect the gender information from only 56 subjects. We did not collect the
questionnaire on gender for the sessions on 2005/6/16 and the two sessions of 2005/6/
17. Since we included Gender as an explanatory variable, the data which does not have
the gender information is omitted.

28 The sign of coefficient for Groupsize;x REWARD; differs between the group data
analysis and the individual data analysis (Tables 6 and 7). This puzzle was pointed out
by the anonymous referee. We checked this contradiction by estimating the probability
change from REWARD =0 to REWARD =1 separately for the 2-person group data and for
the 7-person group data. It confirmed that the probability change is smaller in the 7-
person case, which is consistent with the results represented in Table 4 and the result
for the individual data in Table 7. The puzzle may have been created because of the
difference between coefficients for interaction terms and their marginal effects, which
we mentioned in footnote 21.

29 However, it is hard to believe that any society would be willing to introduce a
system that gives criminals some reward for their confessions. Korea's leniency
program gives a reward to an “external” whistle blower.

30 Spagnolo (2000) stresses that the most effective leniency programs are those that
give more than a full reduction to the first applicant and none to subsequent ones. Our
experiment is partly in line with Spagnolo's ideas.

Comparing our results with those of Apesteguia et al. (2007) and
Hinloopen and Soetevent (2008), our findings complement and share
some insights with their results.

In the result of the “Bonus” treatment in Apesteguia et al. (2007),
which gives rewards to defectors based on the fines collected from
non-defectors as in our REWARD treatment, they found that more
cartels were formed and reported in the Bonus treatment than in
other treatments without rewards. In their interpretation, subjects
were attracted by the possibility of reward and therefore established
collusions in order to receive the reward. (There was no reward for
non-colluders.) They also pointed out that their one-shot game
structure precluded the possibility of subjects learning not to enter
cartels in the first place. They conjectured that if the game had been
repeated for more than one round, subjects might have recognized
that cartels are full of cheaters and that entering a cartel is not a
rational choice. This conjecture might be optimistic. Although our
experiment did not give subjects the option to collude or not in the
first stage (they were forced to collude), our results across trials imply
that subjects might still form cartels in a repeated game setting.
Similar to the results of Apesteguia et al., our results also show that
rewarding drastically increases the number of reporting firms.
However, in the beginning of each trial of the REWARD treatment,
most groups recovered their collusion almost to the level of the first
round of the previous trial. If a leniency program with rewards
strongly discourages cartel members to maintain collusion with each
other, we should not have observed that subjects recovered their
collusion level at the beginning of later trials. This implies that to
receive a high reward, a player needs to make his partner(s) to believe
that he is willing to collude in the first place. And then, the player will
cheat others to collect high rewards before the others cheat him. That
might be why subjects maintained collusion at the beginning of each
trial in the reward treatment and then rushed to defect with the aim of
receiving high rewards. That is, even a leniency program with rewards
may still trigger the formation of new cartels or cartel recidivism in the
short term. Furthermore, subjects might even consider rotating the
receiver of the reward in the repeated game setting.

Hinloopen and Soetevent's paper focused exclusively on the
leniency policy that gives full immunity to the first applicant and
a 50% reduction to the second applicant. Our FULL treatment with
2-person groups is the closest condition to their experimental
setting. Our results seem much more collusive than theirs. There
are many possible reasons for this difference since the experi-
mental designs have many different aspects. We suspect the main
reason is that their subjects had more strategies for cheating other
subjects. In our experiments, subjects had only binary choices
(report or not); therefore, each subject had only two extreme
choices: collude or not collude. On the other hand, subjects in
Hinloopen and Soetevent's experiment could choose a price from
100 to 110. Other than the competitive price (=101), any other price
choice is considered somewhat collusive in their interpretation.
Even if subjects agreed on a high price range, such as {103, 110},
subjects are afraid of bidding a relatively high price because they
might be cheated by other players who could bid a slightly lower
price. This way of thinking leads subjects to bid a low price even
when they were allowed pre-play communication.

We can provide several policy implications from our experi-
mental findings. The average size of a cartel in the real world consists
of about six firms.' Therefore, the seven-player case in our expe-
riments nearly corresponds to the real-world situation. We found

31 Leniency programs set up in the EU in 1996 achieved some notable success in
prosecuting cartels (see European Union's Official Journal Legislation (OJL), 1998/1/21-
2003/12/16). The data of 31 cartels prosecuted between January 21, 1998 and
December 16, 2003 demonstrates that the average number of firms forming a cartel
is about six, and by applying leniency programs the fines for cartel members are
reduced by 10% to 100% according to evidence brought to AA.
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that under the leniency programs, most seven-member groups easily
terminated their collusion, while none of the groups dissolved their
cartels at all when they were not given any leniency for self-
reporting. Therefore, we can predict that the leniency program could
be fairly effective for regular size cartel groups in reality. However,
such a power must be relatively weak when a cartel group consists of
only a few members.

Motta (2004) discusses the effect of cartel group size on collusion
in a different setting from the one we created through our
experimental design. He argues that when a market is dominated
by only a few firms and they collude with each other, the immediate
gain a firm can get by deviation (e.g. lowering a price) does not
expand drastically since each firm already has a significant share of
the market. Therefore, the immediate gain from reporting cannot
attract those firms to dissolve their collusion voluntarily since the
long run gain from collusion would be much higher. However, if a
market is dominated by many firms and they collude with each other,
each firm is strongly tempted to deviate from collusion since a firm
can gain a drastically larger profit by deviating. That is, when a
market consists of many firms, the immediate gain from deviation is
much higher than the long run gain because the deviating firm can
potentially get the whole market share temporarily. In our experi-
ment, the immediate gain from deviation and the long run gain from
collusion do not differ in the two-person group case and the seven-
person group case. However, the collusion in the latter case was rarely
successful. We predict that it would be even more difficult for a large
group to maintain a successful collusion in a market like the one
Motta discusses.

Huck et al. (2004) analyze how the number of firms affects
the level of competition in Cournot market experiments. They
showed that a market with two firms can be collusive, while a
market consisting of more than three firms is too competitive for
the firms to form collusion. Their findings are consistent with our
results.

The question of how many firms should be given a reduced fine
or a reward is an issue to be discussed in policy making in many
countries. In our experiments, we could not find any difference
between ONE and ALL. This suggests that it might be better for the
AA to give immunity only to the first reporter rather than all
reporters from the viewpoint of the cost effectiveness of a public
policy, since giving the immunity means a reduction in revenues
from surcharges, thus increasing the cost of law enforcement. In
most countries other than US, however, the immunity and/or a
reduction in fines are given to more than the first reporter. One of
the reasons is to increase information brought to the AA by ac-
cepting multiple reporters. This reduces investigation costs for the
AA. This information aspect of a leniency program remains to be
studied.

There are several possible explanations for the potential dif-
ference in the effectiveness of applying leniency only to the first
reporter or to all reporters. If only the first reporter is given a
reduced fine or a reward, member firms might race to get leniency
before the others could do so. This intuition is also supported by
researchers and the AA in the United States where only the first
reporter is given maximum leniency and no leniency is given to
other reporting firms.>? On the other hand, in the case of Japanese
cartels, the members may hesitate to report the cartel evidence to
the AA if only the first reporter would be given a reduced fine or a
reward.>®> This is because a member might fear retaliation from
other members in the future. As the Japanese market is smaller
than that of the United States and there is a tight connection
between firms, Japanese firms fear being branded as a “cheater.” On
the other hand, if all the reporters were given reduced fines or a

32 See Harrington (2006) and Hammond (2003).
33 See Nippon Keidanren (2004).

reward, then they would less fearful of retaliation for applying for
leniency since not doing so would be irrational and no one can
be blamed for doing the right thing. In fact, under the Japanese
leniency program, three firms can receive a reduced fine with
different reduction rates, and in 2008 a new law is expected to be
submitted to the Diet to expand the maximum number of eligible
firms. Under the leniency program in the EU, even though its
reduction rates differ, there is no restriction on the number of firms
who are given a reduced fine.

We have to admit that our experiment focused on only a limited
environment. Since our subjects were forced to collude in the
beginning, we can not say anything about whether firms would
newly form a cartel voluntarily where a leniency program is already
introduced. However, we believe that the effect of leniency programs
can be separated into two dimensions. One dimension is the kinds of
leniency programs actually used by preexisting cartel groups. To
create a situation in which firms count on their cartel partner(s) to
collude with them with certainty in some illegal business activity (e.g.
price fixing), we forced subjects to collude in the first stage. In addition
to that, since the JFTC leniency program was just enacted in early
2006, we wanted to know what kind of leniency program would
actually be effective to dissolve preexisting cartel firms. The other
dimension is the kinds of leniency programs that would prevent firms
from newly forming a cartel or would prevent cartel recidivism. Even
if a leniency program is successful at dissolving preexisting cartels,
such an effect could be temporary. The leniency program might be
weak at preventing hard core cartels from reforming a cartel again.
Investigation into this second dimension remains to be investigated.
In addition, the effects of changing the amount of a fine and the
investigation probability have not been investigated in this study. The
effectiveness of a policy which rewards reporters should be in-
vestigated in terms of the magnitude of reward.

Appendix A. Instructions for Partial Leniency for ALL (2-person
case)

This experiment consists of Stage 1 and Stage 2. You choose A in
Stage 1. In Stage 2, you can select one of two choices, C or D. The
summary of the procedure of this experiment is as follows.

1) Decision making in Stage 1 (Choose A)

2) Decision making in Stage 2 (Choose C or D)

3) Each group is given a lottery number. There is an unlucky lottery
number, which reduces the payoffs of the members of the group.
The possibility of each group drawing this lottery is 10% (therefore,
your group won't get this lottery at 90% of the time.)

4) Your payoff of the round is decided.

We will explain how your payoff will be decided by referring to the
Payoff Tree in the next page.

Stage 1

Look at the Payoff Tree on the next page. You and your partner
choose A in this stage and go on to Stage 2.

Stage 2

You are free to choose C or D. Your payoff will be different in the
following cases.

1) You and your partner choose C and your group did not draw the
payoff reduction lottery.

2) You and your partner choose C and your group drew the payoff
reduction lottery.

3) Other cases: (You choose C, Partner chooses D), (You choose D,
Partner chooses C), (You choose D, Partner chooses D).
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In the following table, payoffs are shown in these cases.

Case 1 Case 2 Case 3
Payoff in the round You and your partner earn 40 points each. You and your partner Regardless of the result of lottery, a person who
earn nothing. chose C earns 0, a person who chose D, earns 35.
Payoff in the later round In the next round, you choose A in Stage 1 for the After this round, you are forced to choose B in Stage 1
next round and make a new decision in Stage 2. and your payoff will automatically be 20 in every later round.

The payoff will be decided similarly to this round.

Payoff Tree Stage 1

You and your partner
choose A.

Stage 2

Other cases:

Both choose C {Your choice, Partner’s choice)

(C, D) (D, C), (D, D)

lottery

lottery \

Regardiess of the result of lottery,

person who chooses C earns 0, a person who
chooses D, earns 35. After this round, you are
forced to choose B in Stage 1 and your payoff will
automatically be 20 in every later round,

Your group did not

draw the payoff

reduction lottery Your group drew the payoff

(The probability not reduction  lottery  (This

to draw this lottery is Probability is 10%).

9% ). \
You and your partner You and your pariner earn nothing.
earn 40 each. After this After this round, you are forced to choose B in
round, you choose A in Stage 1 and your payoff will automatically be
Stage 1 for the next 20 in every laler round.
round.

From the second round, whether the session is ended or not is determined by lottery. The session is continued with probability of 80%. We do
not know when the session is ended beforehand. (For example, the probability that the session is repeated for 5 rounds is (0.8)°x 100, which is
about 33%.
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Now we explain how to manipulate the computer. When Experiment 2 is started, you will see this kind of screen.

[EEr
LR FERSE ) T

RO
Brd BLAL TR T T HROEEE TRLALRSRIET.

LR, ARRATOE AL,
A, SRR, EonRaE S TOS

Lochuty L 1
EEOPILTRE :

In the top panel, it says,

Round
/1
Since we do not know how long the session is repeated, this means that this is the first round. The right top panel shows how many seconds
left to make a decision.
The middle panel says,
Rule of Stage 1
You are paired with somebody. Your partner will remain the same until the end of experiment. Please choose A in Stage 1. If you have anything you
don't understand, please read the instructions.
In the bottom panel, the first line shows “Your ID.” This number is the same as your seat number. Please make sure whether they are the same.
The next line is “Your decision.” On the right side, there are two choices, A and B. However, in this experiment, you are allowed to choose only A.
When everybody is finished choosing A in Stage 1, your screen will change to this.
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In this screen, you confirm what you and your partner did in Stage 1. Then, click the OK button in the lower right corner. When everybody has
clicked buttons, you will see the following screen.
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The middle panel says,
The rule of Stage 2

Your partner is the same as in Stage 1. You will be matched with the same person till the end of the experiment. In Stage 2, please choose C or D. If
there is anything you do not understand, please refer to the instructions.

In the bottom panel, “your ID number” appears first and you make your decision for Stage 2. There are two radio buttons, C and D. You can
choose one of them freely. For example, assume that you and your partner choose C, and the screen changes to the following.
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Please look at the Top-left panel. It says:

Your payoff
You chose C, your partner chose C
If your group did not draw a payoff reduction lottery, you both get 40 points each (the probability not to draw this lottery is 90%). If your group
drew the lottery, you both get 0 points each (the probability to draw this lottery is 10%).
You chose C, your partner chose D
You get 0 points, your partner get 35 points.
You chose D, your partner chose C
You get 35 points, your partner get 0 points.
You chose D, your partner chose D
You and your partner both get 35 points each.

All the cases except for the case that both you and your partner choose C, regardless of the result of the lottery, a person who chose C gets 0, a

person who chose D gets 35 points. That is, if either one of you chose D, the lottery does not affect your payoff.

Top-right panel says:

Your payoff from the next round
You and your partner chose C and your group did not draw a payoff reduction lottery, your group goes back to Stage 1 and choose A. Except for this
case, you and your partner are forced to choose B in Stage 1 from the next round. Each of you gets automatically 20 points each.

The bottom panel describes:

Your ID number

Your payoff for this round

Your decision in Stage 1

Your partner's decision in Stage 1

Your decision in Stage 2

Your partner's decision in Stage 2

Whether your group drew a payoff reduction lottery or not

The example above is the case which your group did not draw a payoff reduction lottery and your payoff is 40 points. If your group had drawn a

payoff reduction lottery, you get 0 points. Check the result in the following picture.
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If you and your partner chose C and your group did not draw a payoff reduction lottery, your group goes back to Stage 1 to choose A and then
can proceed Stage 2. However, in other cases as follows,

(1) You and your partner chose C and drew a payoff reduction lottery
(2) Either you or your partner chose D, or both chose D (Your choice, partner's choice) = (C, D), (D, C), (D, D)

you and your partner are forced to choose B in Stage 1 and you automatically get 20 points in every later round. In this case, you do not see a
screen for decision making, but you see the following result screen.
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Please look at the bottom panel. Your payoff for this round is 20 points. The panel shows that your decision and your partner's decision for
Stage 1 are B. It also shows that your decision and your partner's decision for Stage 2 are “no choice.” Also it shows that your group did not draw a
lottery.

Now we will practice following 5 examples to understand how your payoff is determined. We will also practice how to manipulate the
computers. First please fill in the blanks below. We will repeat 5 rounds for each question.

(1) Both chose C and your group did not draw a payoff reduction lottery
Your payoff points Your partner's payoff points
(2) Both chose C and your group drew a payoff reduction lottery
Your payoff points Your partner's payoff points
Your payoff from the next round points
Your partner's payoff from the next round points
(3) Both chose D.
Your payoff points Your partner's payoff points
Your payoff from the next round points
Your partner's payoff from the next round points
(4) You chose C and your partner chose D
Your payoff points Your partner's payoff points
Your payoff from the next round points
Your partner's payoff from the next round points
(5) You chose D and your partner chose C
Your payoff points Your partner's payoff points
Your payoff from the next round points
Your partner's payoff from the next round points

Next we will practice using the computers. Please raise your hand if you have a question, and the experimenter will come to your seat to
explain.
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Abstract

Several cellular automata (CA) models have been developed to sim-
ulate self-organization of multiple levels of structures. However, they do
not obey microscopic reversibility and conservation laws. In this pa-
per, we describe the construction of a reversible lattice molecular au-
tomata (RLMA) model, which simulates molecular interaction and self-
organization of higher-order structures. The model’s strict reversibility
entails physically relevant conservation laws, and thus opens a way to pre-
cise application and validation of the methods from statistical physics in
studying the necessary conditions for such multiple levels of self-organization.

Keywords: Reversible Cellular Automata; Molecular Aggregation; Self-
organization; Artificial Chemistry

1 Introduction

Possessing and utilizing multiple levels of self-organized structures—sometimes
addressed as dynamical hierarchies[l, 2]—is a characteristic feature of biologi-
cal systems. Cellular automata (CA) and similar discrete paradigms have been
effective in modeling such dynamical self-organization hierarchies. In the con-
text of molecular aggregation, lattice molecular automata (LMA) simulates self-
organization of water (polar solvent), monomers, and polymers into clusters and
higher-order structures such as micelles[3, 4, 5], and similar models have been
developed to simulate organization of compartment structure and proto-cell-like
self-reproduction[6, 7].

However, these models do not obey microscopic reversibility and conser-
vation laws, and therefore, the possibility and stability of the self-organized
structures in these models are, to some extent, implied in their irreversible time
evolution rules. Under the laws of physics, stable persistence of an organized
structure requires effective utilization of limited resources and smooth disposal
of generated entropy. Therefore, the constraint of reversibility should not be
omitted in studying the necessary conditions for stable structures, using, for
example, the canonical methods of statistical physics.

127 / 304



In this paper, we describe the construction of reversible lattice molecular
automata (RLMA), which simulates self-organization of water, monomers, and
polymers with a strictly reversible dynamics and physically appropriate conser-
vation laws. Although several reversible CA models have been proposed to sim-
ulate self-organization processes[8, 9], our model can simulate self-organization
of structures with mobility, which will be essential for realizing higher-order
structures and higher functionality such as autonomy.

The rest of the paper is organized as follows. A formal definition of CA is
provided and useful techniques in constructing reversible CA are briefly reviewed
in Section 2. Features of the original LMA model and its relation to other
models are also briefly reviewed there. The construction of our RLMA model
is described in Section 3, along with the conservation laws derived from the
reversible dynamics. Some simulations of monomers and polymers in polar
solvent are presented in Section 4. Finally, our conclusion is drawn in Section
5. Appendix A presents an alternative approach for implementing reversible
molecular rotation.

2 Preliminaries

2.1 Formalization of CA

On a d-dimensional spatial lattice Z¢, each site (cell) i € Z? is assigned with
its local state w; € A. The finite set A of local states is called an alphabet. A
specification of local states over the whole space w 2 (w;)scze € 2 = AZ* g
called a global state or configuration.

The dynamics of a CA is given by the local transition map ¢ as

with = o (W))jenw) » (1)

where the neighbor function N : 4+ (jq,...,J ) defines interaction range for
each site ¢. By applying the local map ¢ over the lattice, the global transition
map

Wt = @(wh) (2)

from a configuration at ¢ to the one at t + 1 is derived. Although the applica-
tion of ¢ over the space is synchronous in simple CA, making it asynchronous
can be effective in satisfying reversibility and other constraints, as shown later.
Furthermore, in more complicated CA, the local map ¢ consists not of a single
map but of several maps (sub-steps), and the local states w; € A also have inner
structures such as “partitions” or “layers.”

When the global transition map @ is bijective, that is, when for any config-
uration w!*! its pre-image w’ is unique, the CA is reversible (or invertible).

2.2 Construction of reversible CA

Reversibility entails conservation of information—differences in states cannot
just appear from or vanish into nowhere. Hence the manner in which to prevent

128 / 304



information loss is crucial in constructing reversible CA.

Since the many-to-one local transition map ¢ in Eq. (1) obviously loses infor-
mation by itself (Fig. 1(a)), the loss should be prevented by well-counterbalanced
distribution among the interacting cells. However, designing such maps is far
from trivial. Indeed, judging the reversibility of a global transition map &, given
its corresponding local map ¢, is a difficult task in itself.

An easier method to construct reversible CA is by adopting a permutation
(reversible transformation on a finite set) 1,

W AP — AB, (3)

instead of a many-to-one mapping ¢, as a constituent of the transition rule
(Fig. 1(b)). Here, B denotes a “block” of cells under the permutation. In
Partitioning CA (or block CA)[10], for example, both the reversibility and global
transmission of information are satisfied by combining the permutation and
alternation of different partitioning schemes of a given space into cell-blocks.
The permutation (3) can be generalized into a conditional permutation as

e AS — A5, ce AC. (4)

Out of the set C'+ S of cells that are subject to the mapping, the states of cells
in C' work as “control signals,” which determine a permutation for the states of
S, and reappear unchanged as outputs (Fig. 1(c)). The Fredkin gate and the
Toffoli gate are well-known examples of conditional permutations.

(a) (b) ()
) ) . C ¢:

Nyl =t B v wli B o5

o — —

Figure 1: Mappings to constitute transition: (a) many-to-one mapping, (b)
permutation, and (c) conditional permutation.

To prevent information loss, the outputs of the (conditional) permutations
should be reused as inputs or conditional signals, and to achieve this, one needs
to implement certain techniques such as dividing a time step into several sub-
steps, and arranging the permutations sparsely and asynchronously in space-
time[11].

For synchronous information transmission, one can also use global shifts,
which uniformly displace some partitions or layers of local states. The transla-
tional movement of free particles can be effectively modeled by the shifts. In
lattice gas automata (LGA)[12, 13], for example, shifts are utilized to express
the translation of gas particles, in combination with permutations that repre-
sent the collisions of the particles. Partitioned CA[14] is virtually equivalent to
the LGA.
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2.3 LMA model and other models

Various models have been proposed and used to simulate molecular self-organization
processes. On the one hand, the molecular dynamics (MD) method models
molecules as particles with appropriate interaction potentials, and solves their
equations of motion in continuous space[15]. While the MD enables micro-
scopically detailed description of the dynamics, size of the simulated system is
restricted by the available computer resources. On the other hand, lattice-type
models have been successful on simulating macroscopic behavior of phase sepa-
ration and aggregation processes. Especially the Larson model[16, 17, 18] and
its variants[19, 20, 21, 22] are widely used and many results are reported. In the
traditional Larson model simulating ternary mixture of water, oil (hydropho-
bic monomers), and surfactant (amphiphilic polymers), water and hydrophobic
monomers are represented by a set of up and down (41, —1) spins, respectively,
and polymers are represented by strings of spins. Monte Carlo method is used
for update and the ferromagnetic interaction between the spins induces phase
separation, micelle formation, etc.

The original LMA model bridges the gap between the MD method and the
Larson-type models[5]: While realized in a discrete manner and thus keeping the
efficiency of the lattice setting, it includes some microscopic molecular details,
such as hydrodynamics conserving momenta in the molecular collision, direc-
tions of polar molecules and accompanied anisotropy of molecular potential
energy. A distinguishing feature of the LMA model is the equienergetic inter-
action for the pairs water—hydrophobic monomer and hydrophobic monomer—
hydrophobic monomer, following experimental data on enthalpy exchanges in
mixtures[23]. This setting is in contrast to the Larson models, which define
positive enthalpic gains for oil-oil interaction but not for water—oil interaction.
Consequently, in the LM A model phase separation is realized via entropy-driven
hydrophobic effect, and not enthalpy-driven as in the Larson-type models.

Although update rule of the LMA model partially keeps the conservation
laws, its dynamics is not microscopically reversible (refer to section IV.B and
V of Ref. [3] for example to see the total energy is conserved in the mean but
not strictly and explicitly). Therefore, utilizing the techniques introduced in
section 2.2, we construct our RLMA model in the next section.

3 RLMA Model

3.1 Space

We formalize the RLMA model on the two-dimensional triangular lattice (Fig. 2(a),
(b)) as in the literature[3, 4], although generalization to other lattice struc-
tures and to higher dimensions will be straightforward. We use the variable
le{+1,42,43,—1,-2,—3} = L to denote the principal directions, and I(2) to
denote cell ¢’s nearest neighbor in direction [, as shown in Fig. 2(c). L corre-
sponds to {0,7/6,...,57/6} in the equilateral triangular lattice with a proper
coordinate system (Fig. 2(c)), and on L, we define a cyclic permutation A of
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length 6,
+1 +2 43
+2 +3 -1

o~

-1
-2

-2 =3
-3 +1

)

(5)

which corresponds to +7/6 rotation operator for the principal directions.

G ) — )

Figure 2: Two-dimensional triangular lattice: (a) structure, (b) corresponding
cells, and (c¢) principal directions and nearest neighbors.

3.2 Local states

Each local state has the layers (internal data structure) shown in Table 1.

Table 1: Structure of local states.

Layer name and variable

| Values

Molecular type mt;

Water (W), hydrophilic monomer (I),
hydrophobic monomer (O), or vacuum

V)

Molecular orientation mo;

mo; € L for polar molecules, mo; =
null otherwise

Translational kinetic energy (tke;)icL

tke;; € {0,1} for molecules, while non-
zero values in the opposing directions
are forbidden

Rotational kinetic energy rke;

{-1,0,+1} (polar: {£1}, non-polar: 0)

Molecular bonds (mb; )icrL

Up to two bonds for hydrophilic or hy-
drophobic monomers

Heat particles (h; )L

hig €{0,..., Hyax} for each I € L

Preferential direction pd;

For each cell i € Z2, molecular type mt; takes one of three types of molecules—
water (W), hydrophilic monomer (1), hydrophobic monomer (O), or vacuum

(empty; V).

For example, one can consider the hydrophilic monomer to be

acetic acid and the hydrophobic monomer to be methane. A site can contain at
most one molecule; this constraint corresponds to ezxcluded volume.
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Hydrophilic Hydrophobic
monomer monomer

Vacuum

Figure 3: Molecular types. Upper row: schematic illustrations. Lower row:
representations in visualization of the simulation results; bars indicate the ori-
entations of polar molecules.

Water and hydrophilic monomers are polar molecules; therefore, they have
molecule orientation mo; € L. (For hydrophobic monomers and vacuum,
mo; = null.) We define that, for water in orientation mo, the same direction
represents negative polarization (corresponding to one oxygen) and A*2(mo)
represents positive polarization (corresponding to two hydrogens), and for a
hydrophilic monomer in orientation mo, A*!(mo) represents negative polariza-
tion (corresponding to O or OH) (See Fig. 3). Molecular orientation affects the
strength of potential energy induced by several kinds of molecular interaction
(see section 3.3).

The sites occupied by molecules have translational kinetic energy (TKE)
tke;; € {0,1} in every principal direction ! € L, although non-zero energy
values in opposite directions on the same line are forbidden (tke; ;+ tke; —; < 1).
Hence, there are 27 possible TKE states for a molecule (Fig. 4).

Figure 4: Possible states of translational kinetic energy for a molecule.

Molecules can have rotational kinetic energy (RKE) rke;, which allows the
rotation of the polar molecules to be reversible (see section 3.4.4). For proper
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update by the rotation rule given here, we confine the value of rke; to {+1,—1}
for polar molecules, and to zero for non-polar molecules or vacuum. (For an
alternative setting, see Appendix A.)

Hydrophilic and Hydrophobic monomers can have molecular bonds with
neighboring monomers. We define that

b — 1 if two monomers at i and [(i) are bonded, (6)
MOEL= 90 otherwise.

(Thus, mb;; = mby;),—1.) Polymers can be composed as a group of monomers
linked by the bonds, as shown in Fig. 5. In the current study, we suppose that
for each monomer to have the bonds in at most two directions, ), ., mb;; < 2;
thus, the polymers are one-dimensional. One can consider the polymers to be
fatty acids.

Figure 5: Schematic representation of a polymer.

For the above layers, which are related to molecules, we also overlay the heat
particles layer on each cell. The heat particle variable h;; can take values of
{0,..., Hmax} independently for every direction [ € L.

Finally, we append the preferential direction pd; € L for each cell 7. In the
transition rule given below, the preferential direction works as a “fluctuation” to
break irreversibility-inducing symmetry. The parity of the preferential direction,
defined by

. [ 41 if pd; € {+1,43, -2},
parlty(pdi) - { —1 if pd, c {+2’ _1’ _3}’ (7)
is also utilized in the transition rule.

Molecular type, orientation, TKE and, molecular bonds (or variables equiv-
alent to them) are included in the original LMA[4, 5]. On the other hand,
RKE, heat particles, and preferential direction are introduced in this model to
implement reversibility in a physically appropriate manner.
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3.3 Potential energy

Every molecule interacts with its nearest neighboring molecules;' therefore, it
has potential energies for each of the six principal directions. In calculating
potential energy, we consider only pairwise interactions, and let V%! denote
potential energy arising from the interaction between molecules at ¢ and ().
The molecular interaction is divided into three classes:?

e Electrostatic interactions between permanent multipoles, which take place
when the polarized directions of the two polar molecules face each other.
Let Vperm—perm represent the potential energy contribution from this class
of interactions.

e Induction-based interactions between a permanent multipole and an in-
duced multipole, which take place when a polarized direction of one molecule
faces an originally non-polarized direction of another. Let Vjerm—ina rep-
resent the potential energy contribution from this class of interactions.

e London dispersion interactions between induced multipoles, which take
place when the surfaces of two non-polar molecules face each other. Let
Vind—ina represent the potential energy contribution from this class of in-
teractions.

Then, the total potential energy in the system is calculated as
1 3,04 1 6,04 i,1(d 6,11
Vvtota,l _ 5 Z Z V‘L, (2) — 5 Z Z <szér(r:/1)7perm + szer(r;tl)find + Vvifld(j)ind) :
i lel i leL
(8)

For the full specification of the potential terms in our model, the integer
parameters listed in Table 2 must be given.
3.4 Transition rule

In the original LMA model, each unit-time update consists of the following
sub-steps[4]:

1. propagation of the molecular type and redistribution of kinetic energies,
2. construction of type-specific force fields,

3. calculation of potential energies,

4. calculation of the most proper move direction,

5. readjustment of bonds in polymers according to the move direction, and

6. movement of the molecule and clearing of the old lattice position.

L Although wider range of interaction can also be modeled, it requires larger number of site
groups and more complicated update schemes (see section 3.4).
2We omit cooperativity effects because of their minor influence on the simulation results.
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Table 2: Parameters of potential energy. Potentials of other neighboring direc-
tions of molecular pairs are set to 0.

Class Potential | Applied cases

Vwn-—wn | Where positively polarized directions (Hs) of two water
molecules (Ws) face each other

Vawwvo—wo | Where negatively polarized directions (Os) of two Ws
face each other

Vwa_wo | Where an H and an O of two Ws face each other

V rm— rm
e Viwa_1P Where an H of a W faces a negatively polarized direc-

tion (O or OH) of a hydrophilic monomer (I)

Vwo—1p Where an O of a W faces a negatively polarized direc-
tion of an I

Vip_1p Where two negatively polarized directions of two Is face
each other

Vwa_wn | Where an H and a non-polarized direction of two Ws
face each other

VwH_IN Where an H of a W faces a non-polarized direction of
an I

VwH—0 Where an H of a W faces any one of directions of a
hydrophobic monomer (O)

Vwo_wn | Where an O and a non-polarized direction of two Ws
face each other

Voerm—ind | Vavo—1n Where an O of a W faces a non-polarized direction of

an I

Vwo—o Where an O of a W faces any one of directions of an O

Vip_wnN Where a negatively polarized direction of an I faces a
non-polarized direction of a W

Vip_1in Where a negatively polarized direction and a non-
polarized direction of two Is face each other

Vir—o Where a negatively polarized direction of an I faces any
one of directions of O

Vind—ind Vo_o Where any directions of two Os face each other
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Although stated otherwise in Ref. [5], many of these sub-steps are irreversible
in actuality, involving erasure and duplication of information. To realize re-
versibility, therefore, we reconstruct the sub-steps and create new ones, utilizing
the techniques introduced in section 2.2.

3.4.1 Molecular translation, collision, and excluded volume

In the LMA, for each molecule, the most proper move direction is calculated
based on its TKEs and potentials, and the molecule moves to the direction if
the movement satisfies the constraints of excluded volume and molecular bond
maintenance. This rule causes situations whose pre-images are not unique (e.g.,
a molecule at a site might have come from one of the neighboring sites according
to the most proper move direction, or might have been at the same site a unit
time ago because of the constraints), and thus it is irreversible.

To satisfy the constraints of excluded volume and molecular bond mainte-
nance, and to realize reversibility at the same time, we introduce site groups.
Sites in each group should be scattered uniformly and sparsely enough (to pre-
vent interference of the pairwise interactions defined below, the sites in each
group should be separated by at least four times the unit distance). We deter-
mine the group to which site ¢ belongs at time ¢ by the following map

g(¢,t) = {4(iy mod 4) + (i, mod 4) + ¢} mod 16, (9)

andlet G = {0,1,...,15} denote the range of g. Here (i, 4,) are the coordinates
of site 4 given by the axis in Fig. 2(c), and each site is assigned to a group, as
shown in Fig. 6.

Figure 6: Site groups for interleaved interaction. Sites in the group indexed “6”
are shaded.

Using the site groups and the preferential directions, molecular translation
and collision are performed in an interleaved manner using the scheme shown
in Fig.7.
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begin
for ¢ in site groups G do
for k£ in (0,1,...,5) do
for every ¢ in a group g do
J = pd;(3);
if Ak(pdj) = pd; then
Ymte(wi, wj); //pairwise interaction between ¢ and j.

end

Figure 7: Interleaved paired site interaction scheme. Note Eq. (5) for the defi-
nition of A.

For the interaction between paired neighboring sites ¢ and j = pd;(2) in
Fig. 7, we define a composite conditional permutation ., which represents
molecular translation and collision.

When both sites are vacuum, no interaction takes place:

mt; = mtj =V = ¢mtc(wi,wj) = (wi,wj) (identity). (10)

When ¢ is occupied by a molecule and 5 is vacuum, the molecule at ¢ moves
to j if the TKE in this direction pd; is positive, or the molecule’s TKE in
this direction is inverted if the TKE in the opposite direction is positive, or no
change takes place if the molecule’s TKEs are zero in both directions:

mt; #V, mt; =V =

mti mtj mtj mti
mog; mogj mogj mog
Ymte (thesa)t || (thejih = (theja) || (thesi)
rke; rke; rke; rke;
(mbi ) (mbj.i)i (mbj.1)i (mba )i
if (tkei,pdi7 tkei,—pdi) = (1, 0)7
77[}mtc(tkei,pdia tkei,fpdi) = (tkeiyfpdi, tkei,pdi)
lf (tkei,pdia tkei,fpdi) = (0, 1),
VYmte(ws, wj) = (ws,wj)
if (tkei,pdi7 tkei,—pdi> = (0, 0).

(11)
(Here, internal layers that are unaffected by ¢t are omitted.) Conversely,
when 2 is vacuum and 7 is occupied by a molecule, the molecule’s move direction
pd; is replaced by —pd, in the above equation. Note that if the preferential
directions are uniform over all of the sites, a free molecule without molecular
interaction always maintains the directions of its TKEs after one full unit-time
update, because whenever an inversion of TKE takes place, it is canceled by
another inversion in the update scheme of Fig. 7. This does not hold, however,
if the preferential directions are not uniform. This issue will be addressed again
in section 3.6.
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When both ¢ and j are occupied by molecules, the two molecules exchange
TKEs as in an elastic collision

mty #V Amt; #V (12)
= ¢mtc(tk€i,ipdia tkej,ipdi) = (tkejvipdi’ tkei,ipdi)-

3.4.2 Maintenance of molecular bonds

As mentioned earlier, polymers are composed as chains of monomers linked by
molecular bonds (Fig. 5). Integrated and coherent motion of such a multi-site
structure (“solid body”) is difficult to model using CA. A possible approach is to
express the structure’s motion states by its deforming shape[24, 25]. Although
this method can replicate many aspects of Hamiltonian mechanics as well as the
structure’s integrity, it makes it difficult to formalize proper interaction between
such a structure and the single-site particles (molecules) whose motion states
are expressed as their internal states. In the RLMA, the maintenance of bonds
is ensured by using the bond information as another conditional signal for the
molecular translational permutation (11).

First, it is checked if the molecular bonds (provided they exist) are main-
tained when the molecule at ¢ moves to the vacuum site j = pd;(¢). Bonds
with molecules at A*!(pd;)(4) are not destroyed by the movement because the
bonded molecules remain neighbors (the bond directions after movement be-
come A*2(pd,); Fig. 8(a)). If the molecule has bonds in other directions, these
bonds are destroyed by the movement (Fig. 8(b)). Therefore, we append another
condition to the permutation (11):

mty #V, mt; =V =
{ Apply (11) followed by bond readjustment ¢, if mb; a+2(pa,) = mbi,—pa, = 0,
Ymte (Wi, wj) = (ws, wj) otherwise.
(13)
The readjustment of bonds )y, takes place not only at the moved molecule’s
new position j but also at A*!(pd;)(4) if the bonds exist:

mbj’AH(pdi), mbj,AJrZ(pdi) O, mbj’AJrl(pdi)
v MbA+1(pd,)(3),A-2(pd;)s TOA+ (pd)(6), a1 (pdy) | — | 0 MOA+1(pd;)(5),a-2(pdy)
mbj A=1(pd;)s Mbj,A-2(pd,) 0, mbj A1 (pa,)
(

MDA (pd;) (6), 242 (pd;)> MO A= (pd) (). A+ (pd) 0, mba=1(pdy)(@),A+2(pd;)
14
A drawback of this rule is that it occasionally causes motion of polymers
that has less physical relevance. For example, when a polymer’s constituent
monomers are arranged on a straight line and all of the monomers have positive
TKE only on the line, the polymer cannot move even if all of the monomers’
TKE directions are identical. However, if some of the monomers have posi-
tive TKEs in other directions, this polymer can move on average to its most
proper direction with respect to TKE, while becoming deformed and keeping
its integrity.
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Figure 8: Translational movement and molecular bonds. If a molecule at % is
moving to j = pd;(4), (a) its bonds in directions A*!(pd;) are maintained with
their directions readjusted to A*2(pd;), but (b) bonds in directions A*2?(pd;)
and —pd; would not be maintained.

3.4.3 Self-organization and reversibility

In irreversible models such as the LMA, the tendency of self-organization from
disordered high-entropy states to ordered low-entropy structures is embedded in
their information-losing transition rules themselves. To realize “apparent” self-
organization of ordered structures by a reversible rule without information loss,
the rule needs additional degrees of freedom that work as a heat bath into which
the entropy generated in the organization process should be disposed of. The
deterministic Ising model[8] and the reversible generalization[9] of the diffusion
limited aggregation (DLA) model[26] are examples of this approach. We also
adopt this approach, using the heat particle layer as the heat bath.

When both of the neighboring sites ¢ and j have molecules, in advance of
the collision (12) by %mtc, we apply site-respective TKE-heat interaction iy
defined as follows. For the molecule at site @ (i.e., either 4 or j), when it has
positive TKE in one direction [ out of {#pd;} (i.e., along the line connecting the
two molecules), and when the heat particles satisty hp; < Hpap and hy,—; =0
at site «, then the positive TKE is transformed into a heat particle in the same
direction ! (heat release):

mt; # V, mt; # V then for x € {3,5}
ben ( tkem,:l:pdi > _ ( tkem,:l:pdi —1 ) if (tkem,:l:pdi, tkem,$pdi) = (1,0)
ha:,:l:pdi hm,:l:pdi +1 and hm,:l:pdi < Hma:m hm,Ipdi = Oa
Yih(Wa) = Wer otherwise.
(15)
On the other hand, when the molecule at & does not have a TKE in either
of {£pd;} and heat particles exist in only one of the two directions, one heat

139 / 304



particle is transformed into the TKE in the same direction (heat absorption):

mt; #V, mt; # V then for ¢ € {3,5}
¢th< thew,+pd, ) _ ( theg,+pd, + 1 ) if (tkew,pd,, thew,—pa,) = (0,0)
ha:,:l:pdi hm,:l:pdi -1 and hw,:l:pdi > 03 hm,:dei =0,
Yih(Wz) = we otherwise.
(16)
Introduction of this TKE-heat interaction makes the interaction between neigh-
boring molecules non-elastic.

For molecular translation, potentials work as yet another control signal for
the permutation in tmte of Eq. (11), and the translation is executed only if the
changes in potentials entailed by the movement of molecule from % to 7, given
that their neighbors are fixed, can be compensated for by emission/absorption
of heat particles at ¢ and j:

mt; #V, mt; =V =
Proceed to (13) if 0 < hyy— (5(_)\/1’[ < Hpax and

0< hjy— 6V < g forle L,
Ymte(ws, wj) = (wi,wj)  otherwise.

(@)

(17)

represents the potential change in direction [ caused by remov-
3,1(3)

Here, 5(’)Vi’l(i)
ing the molecule from its current site 4, and 6(HV represents a potential
change in direction [ caused by placing the molecule (while maintaining its ori-
entation) at vacuum site j. Further, when the translation is actually induced
by the permutation (11), it is followed by the potential change compensation

wpcc:

i,1(%)

Gpee (s (hg)0) = (g = 6V g = 6OV g

. . i,
Thus, a molecule moving to a more stable site (3, sy 0) releases
heat particles in total, and it can be dissociated again from its neighbors only
when enough energy is supplied by the heat particle layer.

3.4.4 Rotation of polar molecules

Polar molecules such as water and hydrophilic monomers can take different po-
tential values depending on their orientations. According to the LMA rule, the
polar molecules are rotated irreversibly into their more stable (lower-potential)
orientations. To maintain reversibility and at the same time to enable relaxation
into a more stable direction configuration, we utilize RKE and also the heat par-
ticle layer. Similar to the paired site interaction in Fig. 7, rotational update is
also performed in the interleaved scheme shown in Fig. 9. Here, we again use
the site groups of Eq. (9) (although for the rotational permutation given below,
interference can be prevented if the sites in each group are separated by more
than a unit distance).
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start
for g in site groups G do
for every ¢ in a group g do
if mt; € {W,I} then //polar molecule
p(mos, rkei, (hi)ier); //rotational update
end

Figure 9: Interleaved update scheme for molecular orientation and RKE with
heat interaction.

The rotational update p is defined as follows: the polar molecule at ¢ rotates
according to the sign of RKE and the orientation becomes A™¢ (mo;) if the
change in potentials caused by the rotation can be compensated for by emis-
sion/absorption of heat particles at the site. Otherwise, the molecule does not
rotate and RKE is inverted:

Arkei(moi)
rke;
mo; (hu — (S(TI’LO,;7 Ark-e,;)vi,l(i))l
P rke; = if 0 < h;; — 0(mog, A’"’“ei)Vi’l(i) < Hypax for V1 € L,
(hig)i mo;
—rke; otherwise.
(ha,i )i
(19)
Here
5(k, A"V ELE) (20)

represents the potential change in direction [ that occurs when the orientation
of the molecule at 7 is changed from & to A™(k), with the neighboring molecules
fixed.

In this rule, the RKEs work as a kind of “second-order” signal[10], which
preserves the history of the molecules’ rotational states. Therefore, the polar
molecules cannot stop rotating i.e., rke # 0 (or given rke # 0 as the initial
condition, they cannot change their orientations forever). For an alternative
rotation rule that allows RKEs to take values on Z, including the stationary
state rke = 0, see Appendix A.

3.4.5 Transportation of heat particles

For the heat particle layer to function as a heat bath, the released heat particles
should be effectively diffused into open areas. In our RLMA model, the diffusion
of heat particles is conducted by a rule similar to that for the Frisch—Hasslacher—
Pomeau lattice gas automata (FHP-LGA)[13], that is, for every unit-time up-
date, a synchronous shift (translation) oy, is performed in each direction

on thig— h—l(i),l for lelL (21)
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followed by a local collision ¢y, at each site:

_ (0,m,0,0,m,0) if parity(pd;) = +1,
¢ . ((hz,AI(k))> - (m,0,07m70,0) = { (0,0’m’o’o’m) if parlty(pdz) _ 71,
") ((hiarwy)) = (m,0,m,0,m,0) (0,m,0,m,0,m)
((hi,Al(k))) ((hi,Al(k))) otherwise
(22)

with 0 < m < Hpax and k € {1,2,3}. Note that the collision ¢y, is deterministic
and utilizes the parity of preferential direction at each site.

g
g

3.5 Composition of unit-time update

After integrating the sub-steps defined above, a unit-time update of the RLMA
can be performed through the following time sub-steps (variables in parentheses
are those affected by the particular sub-step):
1. Transportation of heat particles ((h; ), pd;)
Heat particles are diffused by the FHP-LGA-like combination of the shift
(21) and collision (22).
2. Rotation of polar molecules (mt;, mo;, rke;, (hi 1))
Using the interleaved scheme of Fig. 9, molecular rotation is performed by
the conditional permutation (19).
3. Molecular translation and interaction (mt;, mos, (the; 1), (mbs ), (hi 1), pd;)
Using the interleaved scheme of Fig. 7,
e molecular translation is performed by the paired site conditional per-
mutation (11) with the conditions (13) and (17), while
e molecular interaction is performed by the conditional permutation
(12) with the heat release (15) and absorption (16).
4. Update of preferential direction (pd;)

To ensure unbiasedness for the principal directions, the preferential direc-
tion should be updated according to time. We use the simple uniform
rotation pd; — AT!(pd;), although synchronous shifts and deterministic,
invertible pseudorandom number generators can also be combined.

These sub-steps are independent; therefore, the order can be changed. Each sub-
time step is reversible; therefore, the inverse update is achieved by performing
this construction in reverse.

3.6 Conservation laws

From the above definitions, the transition rule of RLMA conserves mass (num-
ber of molecules) and the total energy that is given as a sum of TKEs, RKEs,
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potential energies, and heat particles over the sites:

Erotal = »_ Y their + Y |rkes| + Vioar + Y Y iy, (23)

i leL i i leL

These conservation laws enable precise application and validation of methods
and theorems in statistical mechanics, both equilibrium (microcanonical, canon-
ical, and grand-canonical) and nonequilibrium (e.g., relaxation, Fourier’s law of
heat conduction, Green—Kubo relations), as is done for simpler (and in many
cases more abstract) CA models[8, 9, 27, 28, 29, 30, 31, 32].

On the other hand, conservation of momenta does not hold because of
the TKE inversion in the translational permutation (11), as mentioned in sec-
tion 3.4.1. (Angular momenta are not conserved either, because the rotational
permutation (19) also contains uncompensated inversion of RKE.) From the
macroscopic viewpoint, this non-conservation of momenta seems to work posi-
tively to enhance the model’s ergodicity, instead of the effect of chaos dynamics,
which discrete CA models lack.

4 Simulation

In this section, we demonstrate by simulation that the RLMA can reproduce
the original LMA’s self-organization results[3] as special cases. We also show
that the RLMA reproduces results which are qualitatively consistent with the
traditional Larson-type models. More extensive results and their statistical
treatment will be given in a future work.

In the following simulations, the parameters are set as follows: Hyax = 8,

Vwn-wa = Vwo-wo = Vwo-1p = Vir—1p = +4, Viwwan-wo = Vwnu-1r = —4,
Viwn-wn = Viwva—in = Vwwn-o = Vwwo-wn = Viwwo—1n = Vivo—o = Vip—wN =
Vip_in = Vip_o = Vo_o = —1. The simulations in section 4.1 and 4.2 adopted

lattice space consisting of N = 24 x 24 cells, while the simulations in section 4.3
used lattice space of N = 100 x 100 cells. Periodic boundary condition is applied
in all the simulations, so the systems are isolated.

4.1 Hydrophobic monomers in a polar environment

Fig. 10 shows snapshots of the molecular layer in a simulation of a mixture of
water and hydrophobic monomers (25% water, 25% hydrophobic monomer, 50%
vacuum). Starting from a homogeneously mixed initial configuration with no
heat particles (Fig. 10(a)), clustering and phase separation gradually take place
(Fig. 10(b), (c)), accompanied by emission of heat particles (not shown in the
figures).

Note also that phase separation takes place in spite of the setup that the
induction-based forces vwo_u and vwo_o between a hydrophobic monomer and
a water molecule are set equal to the dispersion interaction force voo between
two hydrophobic monomers, and they are much weaker than the water—water
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B Water
B Hydrophobic M.

t=0 t=1e+04 t=1e+06

Figure 10: Snapshots of the molecular layer in a simulation of a water—
hydrophobic monomer system. The molecules cluster preferentially with those
of the same type, and phase separation occurs.

binding vwn_wo, as is the case in Ref. [3] (see also section 2.3). Since the
system is isolated, this self-organization process is entropy-driven.

Fig. 11 shows the time evolution of mean energies per cell—TKE (sum for
all of the principal directions (., thei;)s), RKE (absolute value (|rke;|):),
potential energy (sum for all of the principal directions %(Zle 5 VoD,), heat
particles (sum for all of the principal directions (} ;. hi)i)—in the simulation
run of Fig. 10. In this relaxation process, as the molecules are organized into

f Heat particles

TKE
| (AR A ST e
RKE

Energles per cell
<156 10 05 00 05 10 15

B \\-‘_._ Potential

n o Yo |
T T T T T y
Oe+00 Ze+05 de+05 GesdS Be+d5S 1e+ls

time

Figure 11: Time evolution of mean values of TKE, RKE, potential energy, and
heat particles per cell in a simulation of a water-hydrophobic monomer system.

a more stable configuration, the energy released from the molecular layer is
transferred into the heat particle layer, with the total energy conserved (mean
total energy per cell, eiotal = Ftotal/IN, is 0.68). It is observed that a large part of
the energy transfer takes place in the first few thousand steps. This corresponds
to quick dissolution of high-potential, unstable partial configurations.

Fig. 12 shows the time evolution of mean numbers of neighboring molecules
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of the same types (water and hydrophobic monomer)—calculated as (|{l(%) |
mts) = X})i s.t. mez=x for X = W, O, respectively—in the same simulation.
The mean neighboring molecules of the same types start from the initial random

w - Hydrophobic M. ‘: |
: Pt
Water

T T T T T
Oe+00 Ze+05 de+05 GesdS Be+d5S 1e+ls

Mean num. neighboring mols. same types

time

Figure 12: Time evolution of mean numbers of neighboring molecules of the
same types (water and hydrophobic monomer) in the simulation of a water—
hydrophobic monomer system.

configuration (where the value ~ 0.25 x 6 = 1.5 for both water and hydrophobic
monomers) and increase relatively slowly, taking a few million steps to reach
the equilibrium state. This result is consistent with observations of the physico-
chemical molecular aggregation process, where small clusters are quickly formed,
but as the size grows, their mobility decreases and integration into larger clusters
requires more time.

4.2 Amphiphilic polymers in a polar environment

Fig. 13 shows snapshots of the molecular layer in three simulations of am-
phiphilic tetramers (each consisting of three hydrophilic monomers plus one
hydrophobic head monomer, see Fig. 5) in solvent water, with different settings
for the initial distribution of heat particles.

In the simulation of Fig. 13(a), initially, there are no heat particles, represent-
ing the “low-temperature” condition (mean total energy per cell etota1 = 0.95).
Although the low-temperature condition is the same as the one adopted in the
simulation of Fig. 10, this simulation requires a longer relaxation time, because
the polymers’ mobility is lower than that of the monomers (mainly because of
the bond maintenance condition (13)). Starting from the initial condition where
the tetramers are homogeneously distributed, they aggregate into micelle-like
structures, their hydrophilic heads staying in contact with water and their hy-
drophobic tails trying to cluster. The micelle-like structures are an elementary
example of higher-order structures[1], with emergent properties such as integrity
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Figure 13: Snapshots of the molecular layer in three simulations of water—
amphiphilic polymer systems with different initial distributions of heat particles
(“temperature”): (a) low-, (b) moderate-, and (c¢) high-temperature conditions.

and even lower mobility.

Fig. 13(b) corresponds to the “moderate-temperature” condition, where the
initial h;; is given randomly from [0,1] with (h;;); = 1 for | € L (mean total
energy per cell eqora1 = 3.93). Compared with the low-temperature condition,
while the sizes of the organized micelle-like structures and water aggregates
become smaller, their motion becomes faster.

Fig. 13(c) corresponds to the “high-temperature” condition, where the initial
h;; is given randomly from [0,4] with (h;;); = 2 for I € L (mean total energy
per cell eqota = 13.01). In this condition, the molecular motion becomes even
faster and no distinct self-organization is observed.

Fig. 14 shows the time evolution of mean energies per cell, and Fig. 15
shows the time evolution of mean numbers of neighboring molecules of the same
types (water and hydrophobic monomer) in the three abovementioned simula-
tions with the different temperature conditions. Note the difference in the time
scales. These results indicate the temperature dependency of the molecular pro-
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Figure 14: Time evolution of mean values of TKE, RKE, potential energy, and
heat particles per cell in a simulation of water—amphiphilic polymer systems
in the different temperature conditions: (a) low-, (b) moderate-, and (c¢) high-
temperature conditions.

cess. That is, at lower temperature, polymers aggregate into larger structures;
however, the formation process takes a longer time. On the other hand, at
higher temperature, large structures cannot be maintained while the motion of
polymers gets faster. This kind of temperature dependency is derived (rather
than being presupposed) in a precise manner only from dynamical models with
reversibility and energy conservation. Fig. 15 (especially (a)) also shows that
the aggregation of polymers is slower than the clustering of water.

4.3 Phase separation dynamics in ternary mixtures

To compare in more detail the behavior of our RLMA with experimental obser-
vations and other models (especially the Larson-type ones), we conducted sim-
ulation of ternary mixtures of water, hydrophobic monomers, and amphiphilic
polymers, and analyzed the phase separation dynamics with different concen-
tration and temperature (total energy) settings.

Theories as well as successful models have shown that the phase separation
or domain growth dynamics generally obeys dynamic scaling[33, 15, 34, 36, 22],
where domain structure remains statistically invariant in time under rescaling
by the characteristic length scale L, and L grows as a function of time following
the asymptotic power law, L(t) ~ t'/#. The theories typically suggest z = 1/3,
though the value can differ depending on the stages of phase separation.

To check if the RLMA realizes the dynamic scaling behavior, we investigated
the evolution of mean cluster radius. A molecule of type X (in this case, X can
be water W, hydrophobic monomer O, or amphiphile A) belongs to a cluster
of type X if any of its nearest neighbor are of the same type and are already
counted as part of the cluster. Using the cluster distribution {nx(s)}s, where
nx(s) is the number of type X clusters with size s, the mean cluster size yx of
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Figure 15: Time evolution of mean numbers of neighboring molecules of the
same types (water and hydrophobic monomer) in the simulations of water—
amphiphilic polymer systems with the different temperature conditions: (a)
low-, (b) moderate-, and (c) high-temperature conditions.

type X is estimated as

Smax, X -1 Smax, X
Xx = Z s*nx(s) Z snx(s), (24)
s=1 s=1

where smax, x is the largest cluster of type X. In two dimensions, the mean

cluster radius of type X is estimated as Rx ~ X;{/z.

Fig. 16 shows the evolution of averaged mean cluster radius (R) = [1(xw)+
Xo)]l/ 2. with different concentration ratios of water ¢w, hydrophobic monomers
¢0, and amphiphilic polymers ¢4 (the ratio of vacuum ¢y = 0.4 is common),
in a temperature setting (mean total energy etota1 = 1.18). Power law behavior
is observed for all the concentration ratios (¢w, ¢o, ¢a) = (0.288,0.288,0.024),
(0.27,0.27,0.06), and (0.24,0.24,0.12). For each setting, the scaling exponent
1/z is estimated as 0.213 4 0.004, 0.199 + 0.005, and 0.121 £ 0.004, by fitting
the data within time region [10000,200000] into (R)(t) ~ t*/*. These estimated
values, especially the former two (1/z ~ 0.2) are similar to the ones obtained
by simpler Ising spin models for binary systems [34, 35, 36], but smaller than
the theoretical value z = 1/3 which is also obtained in Ref. [22] by adding small
amount of amphiphile into binary mixture, like in this simulation. The small
values are possibly because the asymptotic late stage is not reached due to the
small size of the system, but other possible reasons can be also suggested: (i)
the existence of hydrodynamics, which is supposed to be absent in the dynamic
scaling hypothesis[33] as well as the Larson-type model in Ref. [22], (ii) the
constant-energy condition, where the temperature increases as the clustering
proceeds and the dynamic exponent becomes smaller compared to the isother-
mal condition[15], while the latter is usually used in the Larson-type models
and other Monte Carlo methods, and (iii) other conservation laws, which also
work to decrease the exponent [36]. The decrease in the growth rate of (R)
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Figure 16: Time evolution of the averaged mean cluster radius (R), with dif-
ferent molecular ratios. o represents (dw, 0o, da) = (0.288,0.288,0.024), A
represents (ow, do, da) = (0.27,0.27,0.06), and o represents (¢w, do, pa) =
(0.24,0.24,0.12). The lines show power law relations with estimated scaling
exponents 1/z for their slopes.

accompanying the increase of concentration ¢ 5 of amphiphile is consistent with
the result in Ref. [22].

For different temperature settings we also calculated the equal-time structure
factors Sx (k,t), which is the Fourier transform of the equal-time pair correlation
function, defined as

Sx(k,t) = / Cxx (7, t)e* TdF, (25)

Cxx (7)) = (6px (7, ) 5px(0,1)). (26)

The equal-time pair correlation Cxx (7, t) of type X is calculated by drawing
shells of radius 7 and r + 1 around each molecule of type X, counting the
number of the same type molecules between the shells, and finally normalizing
by dividing by r.

Fig. 17 shows the equal-time water—water structure factor Sw(k,t) for a sys-
tem with (¢w, ¢o, ¢a) = (0.288,0.288,0.024) and different temperature (total
energy) settings. In the lower temperature settings as Fig. 17(a) and (b) (mean
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Figure 17: The equal-time water—water structure factor for a system with
(¢w, 9o, Pa) = (0.288,0.288,0.024) and different temperature (total energy)
settings: (a) etotal = 0.37, (b) €total = 1.18, (€) €total = 5.63. Sw(k,t) at times
t = 2,10,20,50, 100,200 x 10 are shown.

total energy eiotal = 0.37 and egora1 = 1.18, respectively), the structure factor
develops a peak at nonzero wave number that grows in time and the position
of the peak moves to lower k as t increases. The peak at k ~ 1 indicates that
the system is approaching to a global separation into spanning networks. The
growth rate of the peak is higher for the “warm” condition e;ota; = 1.18 than the
“cool” condition etota) = 0.37. Above a critical total energy (that corresponds
to the demizing temperature), as Fig. 17(c) (etotal = 5.63), the structure factor
does not show any structure. These are again in good agreement with the result
in Ref. [22], as well as experiment[37].

5 Conclusion

In this paper, we described the construction of RLMA, which simulates physico-
chemical interaction of molecules and their self-organization process. The defi-
nition of the model has shown how to eliminate the irreversibility in the original
LMA using several techniques to construct reversible CA. Simulation results of
RLMA dynamics have demonstrated that the RLMA can deal with broader sit-
uations, with the original LMA’s self-organization results as special cases. The
results also showed that the RLMA reproduces qualitatively consistent results
with the traditional Larson-type models.

Although several reversible CA models have been proposed to simulate self-
organization processes[8, 9], to our knowledge, this is the first deterministic CA
model that simulates self-organization of higher-order structures, while satisfy-
ing strict reversibility.

Reversibility and conservation laws of the model enable precise application
and validation of the various methods in both equilibrium and nonequilibrium
statistical mechanics. Reversibility also enables rigorous tracking of the infor-
mation flow driven by the dynamics, with no veiled sources or sinks. Therefore,
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the model will be preferable in analyzing the self-organization and dynamics
of multiple levels of structures from a information-theoretic viewpoint (e.g.,
Ref. [2]), as well as from the physically grounded viewpoint.

This study focused on the process of molecular assembly. However, the model
can be extended to incorporate chemical reactions and catalytic effects, by intro-
ducing more types of molecules and setting proper values of excitation energies
for the reactions, with their modulation in the existence of neighboring catalytic
molecules. We are currently working on the construction of such a reversible
and thermodynamically consistent model that realizes “protocells” [6] with self-
maintenance of compartment structures, metabolism, and self-reproduction.
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A Alternative implementation of molecular ro-
tation

Here, we present an alternative rotation rule, which enables the stationary state
rke = 0 for the polar molecules. Using the same interleaved scheme of Fig. 9, the
rotational permutation p of (19) is replaced by the new conditional permutation
pa defined below.

First, consider that a polar molecule at ¢ is rotating, i.e., rke; # 0. Then, p,
maintains the rotation and changes the molecule’s orientation by Asen(rke:) 3 jf
the magnitude of rke; is more than sufficient to compensate for the change in
potential induced by the rotation; else, it inverts the direction of rotation if the
magnitude of rke; is not large enough. If the magnitude of rke; is just sufficient
to compensate for the potential change, p, either executes the rotation and
brings the molecule to the stationary state, or inverts the direction of rotation,

3The sign function, sgn(rke;) = +1 if rke; > 0, —1 if rke; < 0, indicates the direction of
rotation.
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depending on some conditions to avoid irreversibility:

Asgn(ﬂcei)(moi) )
( rke; — Sgn(rkei)(s(moi, Asgn(Tkei))Vi ) if rkei 7é 0 and
|rkes| > 6(mog, ASEn(TRe) )i op
|rke;| = 6(mos, Asen(rkes))y/i
AS(AMR(RE) (o), Ak )i > 0, o
|Tkei| = 8(mo;, Asen(Thed))yi
( mos ) ) AS(AENTRe0) (o), As(rken) ) /i <
P\ rhe; )~ Aparity(pd;) # segn(rke;),
—W;Z;- if rke; # 0 and
|Tkes| < 8(moq, Asen(Thed )i or
|Tkes| = 6(mog, Asen(rkes))y
NG (A (TR (o), Asen(rkes) )7E <
Aparity(pd;) = sgn(rke;).

(27)

Next, consider that a polar molecule at ¢ is in the stationary state, i.e.,
rke; = 0. Then, p, starts the rotation if changing the molecule’s orientation by
one of the directions A*! induces a negative potential change. If rotations in
both of the directions A*! induce negative potential changes, p, starts the rota-
tion according to the preferential direction. On the other hand, if the molecule’s
orientation is at a local potential minimum, the molecule maintains its station-
ary state:

+5(mog, A*V) V7 if rke; = 0 and
§(mos, ATHVE <0
AS(mos, ATHVE >0, or
(m)-

( A*!(mo;)

§(mo;, ATHVE <0

rke; AS(moq, A~V < 0 A parity(pd;) = +1,

mooi if rke; = 0 and
§(mog, ATHVE >0 A d(mo;, A=HVE > 0.
(28)
Here . o
Sk, AMVE =" 6(k, A VHE (29)

leL

represents the total potential change at ¢ that occurs when the orientation of
the molecule at 4 is changed from k to A™(k) (see the notation (20), too).

The main point is that, in p,, change in RKE and not heat compensates for
the change in potential. Therefore, the RKE layer can work as another energy
storage. Recall that in the rotation rule (19), RKE works just as “second-order”
signals to preserve reversibility; hence, it cannot change to 0. It should also be
noted that the parity (7) of the preferential direction is utilized to avoid non-

152 / 304



uniqueness of the p,’s pre-images, which could be derived from unstable fixed
points (stationary states at orientations of local maximum potential).

One drawback of this alternative rotation rule is that the value of RKE is
unbounded in principle; thus, the model is not a CA in the strict sense. In
practice, however, due to the energy conservation (23), limitless divergence of
RKE cannot occur unless an infinite amount of energy is injected into a finite
region.

The RLMA model with the alternative rotation permutation p, shows quali-
tatively similar behavior. Fig. 18 shows snapshots of the molecular layer, Fig. 19
shows the time evolution of mean energies per cell, and Fig. 20 shows the time
evolution of mean numbers of neighboring molecules of the same types in a
simulation of a water—hydrophobic monomer system, with the same initial con-
figuration as that in section 4.1.

[-] Vacuum
B Water
B Hydrophobic M.

t=0 t=1e+04 t=1e+06

Figure 18: Snapshots of the molecular layer in a simulation of a water—
hydrophobic monomer system, using the alternative rotation rule p,. Clustering
and phase separation occur in a similar manner to those shown in Fig. 10.
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Abstract

This paper describes how people establish or fail to establish long-run cooperation in the
Prisoner’s Dilemma Network (PDN), where subjects are allowed to nominate a subject
with whom they want to play the Prisoner’s Dilemma (PD) game at the beginning of each
round. We modeled PDN games played by four persons with two pairing rules and two
information treatments, and we have done a series of experiments with undergraduates
and computer simulations of the PDN games. In the experiments most subjects either
continued to play the PD game cooperatively with the same partner or never played the PD
game cooperatively in the long run, and those who were more cooperative earned more.
In addition, the information of others’ behaviour increases the rate of cooperation and
average points in the experiments. To analyse the players’ behaviour by using computer
simulations, we introduced the concept of “trustability” to computer agents, and we tried
to reproduce the basic features of experimental results. Since the simulations reproduced
the results of the experiments, we can guess the subjects’ strategies, which were not as

apparent and controllable as the programs of agents.

Key Words:

Prisoners’ Dilemma Network, Experimental Economics, Computer Simulations.

1 Introduction

Most analysis of the repeated prisoner’s dilemma[2] presumes that no player is allowed
to change the person with whom he or she plays the prisoner’s dilemma (PD) game. In
the real world, however, one can usually choose and change the partner for business and
other activities if he or she thinks it is necessary or desirable. The prisoners’ dilemma
with outside option is one of the approach to introduce partner selection. In the PD game
with outside option[1][5], players can choose their opponents from their group, however,
they have to choose the same actions to all their partners.
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Yamagishi, Jin, Hayashi, Shinozuka and Takahashi[3][4][6][8] proposed the prisoner’s
dilemma network (PDN), where players are allowed to choose their partners for the PD
games. They have done a number of experiments with human subjects of the PDN, and
computer simulations as well. Their findings, for example the effectiveness of “Out-for-
Tat” strategy[7][8] (change the partner if defected), are interesting and suggestive, but
their simulations and experiments are not comparable with one another; the number of
players, the payoff matrix and other details are different from research to research. We
have done a series of experiments and simulations for the same PDN games. By comparing
the results of experiments and those of simulations, we could guess the strategies of human
subjects, which are not as apparent as the programs of agents in simulations.

This paper is organised in the following way. In Section 2 our PDN games will be
defined with a few basic properties. Tn Section 3 the results of experiments with under-
graduates will be shown. Among findings noteworthy are: that having played the PDN
game for a certain number of rounds, most subjects either continue to play the PD game
cooperatively with the same partner or never play the PD game cooperatively, and that
those who are more cooperative usually earn more in the long run. And the information of
others’ behaviour will increase the rate of cooperation and the average points. In Section 4
our model will be presented with the results of its computer simulations, which reprodice
the findings. In Section 5 a few concluding remarks will be mentioned.

2 The Prisoners’ Dilemma Network Model

2.1 Basic Model

The PDN game consists of two stages: at the first stage, players nominate a candidate of
their opponent of the PD game and they are paired according to the pairing rules, and at
the second stage, players who are paired play the PD game with his or her opponent.

In this paper we shall examine two pairing rules: PDNa and PDNS. The games are
played by four persons in the following way.

1. Fach player nominates a player.
2. Those who nominate each other make a pair.

3-a. PDNa: Those who are paired play the PD game whose payoff matrix is given in
Table 1. while those who are not paired earn one point.

3-5. PDNg: If only one pair is made, the other two players are paired. If no pairs are
made, the four players are randomly divided into two pairs. Then all the players
play the PD game in two groups. The payoft matrix of the PD game is also given in
Table 1.

We call the procedure from 1 to 3-a or 3-8 a round, and the set of rounds under the same
treatment a session.
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Table 1: the payoff matrix

cooperate | defect

cooperate 3,3 0,5
defect 5, 0 1,1
1 if not paired

2.2 Information Structure

In this paper, we introdice two information structures in the Prisoners’ Dilemma Network

experiments.

Limited information : Players only know the information about their opponents’ past
actions. A player cannot know the actions of other players who were not paired with

her in the PD game.

Full information : Players know all players’ past nomination, combination of pairs and

actions in the PD game.

2.3 Analysis

Let us examine how long it will take for a four-person group to make two pairs in PDNao
if they all cooperatively try to do so. Suppose that every subject randomly nominates
one of the other three members of her group till she is nominated by the person she
nominates, and that once two subjects nominate each other, they continue to do so for
ever.! Designating the probability where n pairs (n = 0,1,2) are made at the #th round

as P,(t), we obtain the following equations:

30 48 3

Py(0) = 37’ P (0) = 37’ Py (0) = e (1)
Rolt+1) = S R(0), @
PUt41) = o Polh) + ( Pi(0), 3)
Po(t+ 1) = ;] Polt) + %Pl(t) + B, (4)

Figure 1 shows the graphs of Py(t), P (t) and Py (t). We can see that after 50 rounds
are played, two pairs will be realised with a high probability (P (50) = 0.997).

IFor convenience, we assume that the player is female while her opponent is male throughout, the paper.
Tt is not always the case in the experiments.
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PO(t) — —

PO, P1, P2

50 60 70 80 90 100
round

Figure 1: Py(t), P,(t) and P»(t)

3 Experiments

3.1 Experimental Design

Our experiments were done with undergraduate students at the laboratory of the Graduate
School of Economics, Kyoto Sangyo University (KSU). The KSUEEL, established in March
2002, is specially designed for economic experiments. It consists of the control room and
the main room, where 25 subjects can sit down separately in 25 booths. A network
connects the 25 client PCs in the booths with the two servers (Linux and Win2k) in the
control room.

Figure 2: The KSU Experimental Economics Laboratory (KSU-KEEL)

Experiments are held in six days from July 2002 to July 2005, and 20-28 undergraduates
participated in each day.
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Subjects were all recruited from KSU undergraduates thorough advertisements placed
on the WWW and direct e-mail. The advertisement on the web page promised monetary
reward contingent performance in the experiments.

At the beginning of each session subjects were divided into anonymous four-person
groups to play the PDN game. Subjects were told this but were not informed how many
rounds they will play in each session. To avoid end-effect, the number of rounds was
decided randomly between 101-130 in each session.

In the game subjects were allowed to communicate with others only through the com-
puter in their booths. Figure 3 shows the picture of the beginning of a round.

On the screen the followings are shown: three buttons to nominate one of the other
three gronp members (the upper-right part); the payoff matrix of the PD game (the lower-
right part); the session number, the round number and the records of all the past rounds
(the left part): the round number, the subject’s past nomination and, if she played, her
opponent mentioned by the colour of the nomination button, her action, her opponent’s
action, and her point. This screen is for the experiment of PDNe« in limited information
treatment. Tn the experiment of PDNS in limited information treatment, a column is
added in the left part to indicate whether the opponent is determined by nomination
(2) or compelled (3-3). In the full information treatment, all players’ past nomination,
opponents and actions are shown in the left part.

At the end of the experiment, subjects received reward in cash according to their total

points: reward (yen) = 6 x (total points) + 1000.
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Figure 3: The subject’s screen
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3.2 The Results of Experiments
3.2.1 Limited Information Treatment

The overall performance of each session in the limited information treatment is summarised
in Table 2 and 3.> Among findings two are noteworthy.

Table 2: Experimental conditions and overall performance 1: limited information

date 24 Jul. 2002 27 Jul. 2002
treatment a-1 B-2 6-1 -2
number of 24 24 24 24

subjects
rounds 104 117 127 114
(100) (100) (100) (100)
max 254 348 383 342
points (242) (300) (300) (300)
min 104 102 129 97
points (100) (85) (91) (83)
average 149.6 237.8 261.7 251.4
points (143.4) | (202.2) | (201.6) | (218.7)

Table 3: Experimental conditions and overall performance 2: limited information

date 12 Apr. 2003 23 Apr. 2003
treatment a-1 B-2 6-1 -2
number of 20 20 28 28

subjects
rounds 114 107 111 119
(100) (100) (100) (100)
max 340 321 327 327
points (298) (300) (294) (300)
min 113 102 106 105
points (99) (95) (96) (96)
average 206.75 | 255.1 240.8 250
points (179.4) | (239.1) | (214.3) | (228.5)

First, for most four-person groups the number of partnered pairs, or those pairs who
continue to nominate each other and keep cooperation in the PD game, is fixed after 80
rounds are played. Table 4 shows the classification of the groups. Here Case n stands
for the case where the number of partnered pair is n. Every case is classified into Case 0
(Figure 4), Case 1 (Figure 5) or Case 2 (Figure 6) except for two (Figure 7 and 8).

2The figures in the parenthesis are recalculated on the assumption that the number of rounds is 100.
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Table 4: The classification of experiments

Case 0

Casel | Case 2 | others

PDNa-1 )

) 0 0

PDNa-2 0

PDNS-1

| O

PDNj-2

1
0
1

e LN |
Lo

the number of pairs / cooperative pairs

~0— the numebr of pairs

= the number of cooperative pairs 3.4 - - n - - .-
2-4 us ® s " ® *
2.3 % L N0 R0 M)
1-4
1-3 » » " oot
1-2 [ nnnn nunu o u L R e e " —n L

. 5t o 7 8 B o1 1 1 21 31 a1 51 61 7 81 91 101
round round

Figure 4: An example of Case 0

the number of pairs / cooperative pairs

the number of pairs / cooperative pairs

Figure 6: An

—&— the numebr of pairs
& the number of cooperative pairs e
24
2-3
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round round
.
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Figure 5: An example of Case 1
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example of Case 2
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Figure 7: The exceptional case in PDNa-2
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Figure 8: The exceptional case in PDNg-2

Secondly, subjects’ points earned in a session are positively related to their propensity
to cooperate, or the percentage of the number of rounds where they play the PD game
cooperatively to the number of rounds where they played the PD game. See Figures 9
and 10, where the positive correlation is apparent for both PDNa (Figure 9) and PDNg
(Figure 10).
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the propensity to cooperate

Figure 9: Average points in PDNa
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Figure 10: Average points in PDNg

3.2.2 Full Information Treatment

Table 5 and 6 show the results of the experiments in the full information treatment. In
this treatment, the number of it partnered pairs is much increased than the results in the
limited information treatment. Especially in PDN-4, all subjects reached Case 2, that is,
all of them played PDN game with the same partner and chose cooperation continuously.

Table 5: Experimental conditions and overall performance: full information

date 20 Jul. 2005 23 Jul. 2005
treatment a-1 -2 A-1 -2
number of 24 24 20 20

subjects
rounds 101 103 102 75
(100) (100) (100) (100)
max 303 309 309 225
points (300) (300) (300) (300)
min 107 193 225 212
points (105) | (184) | (219) | (283)
average 212.5 288.4 274.1 210.4
points | (210.4) | (280) | (268.7) | (280.5)

The average points which subjects earned in the full information treatment are also
increased than that in the limited information treatment. This shows shat most of subjects
established cooperative relationships with the same partner when they knew all of the
others’ behaviour.

When a subject knows the past nomination of other members in his or her group, the
subject can nominate the one who desires to be paired with him or her. Therefore the
probability of being paired will increases and in many cases they will behave well because
their actions are opened to others.

In the full information treatment, some defective subjects changed their actions sud-
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denly in the middle of the session. In the limited information treatment, defective subjects
did not change their actions through the session. This may indicates that subjects observe
others’ bahaviour and they sometimes imitate others’ actions which seem to be working
well.

Table 6: The classification of experiments: full information

- Case 0 | Casel | Case 2 | others
PDNa-1 0 1 3 2
PDNa-2 0 1 5 0
PDNg-1 0 0 6 0
PDNg-2 0 0 6 0

4 Computer Simulations

In this section, we describe our computer simulation model which reproduces the basic
features of the experiments. At first, we introduce the concept of “trustability” of players
which represents a player’s subjective expectations of the cooperative behaviour of his or
her opponent. Therefore, the value of one’s trustability of the other player corresponds
to the trustfulness of the other player. Secondly we describe how players decide their
behaviour. Players decide their actions based on the value of trustability, and they adjust
the value of trustability through the PD game. The value of trustability will increase when
their opponents behave well and the value will decrease when their opponents betray them.
In this paper, we only examine the cases of limited information treatments. We introduce
our definition of trustability and players’ action rules in the next subsection.

4.1 Simulation Model

Let us introduce the following notation:

1 if player ¢ plays the PD game with player j

X;i(t) = at tth round and chooses cooperation; (5)
0 otherwise.

1 if player 7 nominates playerj at ¢th round;
Yii(t) = 6
5(t) { 0 otherwise. (6)
Zis(t) = 1 if playe‘r 1 is paired with playerj at ¢th round; (7)

otherwise.

Wij(t) = max{¥j;(t), Zi; ()} (8)
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We define the trustability of player j by player 4, or the trustfulness of player 7 to
player j, at the beginning of the tth round as:

1

mmzmwmuw

) XA OW(6) + Tolo — D} + {1 = Wy DTl - 1) ()
where r; is a positive constant.
As is readily checked,

0<T; <1 (10)

A player’s trustability increases if she is nice (does not change nomination or coopera-
tive action unless the opponent does) while it decreases if she is nasty (changes nomination
or cooperative action if the opponent does not). Tf she keeps to be nice (nasty), her trusta-
bility will approach to 1 (0):

T;; > Ti(t — 1) if Wii(t) = W(t) = Xu(t) =1 (11)
Tij = Ti;(t — 1) if Wis(t) =0 (12)

Ty < Tyt — 1) i Wii(1) = 1 and Wi(H)X5(t) = 0 (13)
Aim Tij(t) =1 if Wij(t) = Wii(t) = Ty (0) = 1 (14)
Ti(t) =1 if Wij(t) = Wii(t) = Ti; (0) =1 (15)

Jim Ti5(t) = 0 if Wij(t) =1 and Wi;(t) X;i(t) = 0 (16)
Ty(H) =0 if Wi;(t) = 1 and Wy,())X5(£) = T;5(0) = 0 (17)

Players nominate and choose action in the PD game according to her trustfulness
to others. First, each player nominates the person who is the most trustable to her (if
the number of the most trustable persons is greater than one, she chooses one of them

randomly):

=0 if T;:(t) < T (t
if Ty;(1) Jna % (1)

Prob(Cy;(t)=1) (18)

otherwise

o ]
T T O (=T (D)}

where {m} = {1,2,3,4} — {i}. Then she chooses the cooperative action in the PD game

with the same probability as her opponent’s trustability:

Prob(XU(t)zl) = Ti ‘(t - 1) (19)
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Let us conclude this subsection with a few remarks on 7;. It represents player 4’s
discount rate. She does not change her action in the PD game throughout the session
if r; = 0, while she simply imitates the opponent’s previous action if r; = co. The
basic strategies for the repeated PT) game can be reproduced by choosing r and T;;(0)
adequately; for example the Tit-for-Tat strategy is realised by r; = oc and T;;(0) = 1.

4.2 The Results of Simulations

We have done 500,000 sessions for PDNea and 500,000 sessions for PDNG. In each session
T,;(0) and r; are randomly chosen from [0, 1] and from [0, 100] respectively, and 100 rounds
are played.

In simulations, two long-run properties observed in the experiments are reproduced.
First, as Table 7 shows, about 90 percent of the 1,000,000 sessions are classified into Cases
0, 1 and 2. A few remarks may be called for here. Tn the table a pair is called partnered
if they play the PD game cooperatively for the last 20 rounds or fail to do so only once,
and n pairs are partnered in Case n. In simulations, case 1 is defined as the case where
two agents are partnered, whatever the other two agents behaviour. As a consequence
such a case as is shown in Figure 7 in the experiment is classified into Case 1. On the
other hand the definition of partnered pairs is more strict in the simulations; out of the
17 partnered pairs in the experiment, three pairs failed to nominate each other or to play
the PD game twice (no pairs failed more than twice). Yet the deviations from partnership
seem to be an ending effect, which does not exist in the simulations. In fact, judging from
the answers to the questionnaire after the experiment, not a few subjects suspected that
the last round would be approaching after they played 90 rounds, in the second round in
particular.

Secondly, as Figures 14 and 15 show, the positive correlation hetween the player’s
propensities to cooperate and their average points are also reproduced. in Figures 14 and
15, only 2,000 points of randomly chosen from 500 sessions are shown.

Table 7: The classification of simulations
Case 0 | Case 1 | Case 2 | others
PDNa | 63.6% | 24.8% | 0.8% | 10.8%
PDNA | 2.7% | 61.9% | 26.3% | 9.1%
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5 Concluding Remarks

In this paper, we described how people behave and establish long-run relationships in
the Prisoner’s Dilemma Network, where players are allowed to nominate and change their
opponents voluntary. We made a four-person PDN model and we have done a series of
experiments and simulations in the same PDN model.

We introduced two pairing rules and two information structures into the PDN model.

From the results of experiments, we observed followings:

1. Having played the PDN games for 80 rounds, most subjects either continue to play
the PD game cooperatively with the same partner or never play the PD game coop-

eratively.
2. Those subjects who are more cooperative usually earn more in the long run.

3. The rate of cooperation and the average points are much larger in the full information

treatment where a player knows all other players’ past behaviour.

In computer simulations, we proposed a concept of the trustability as the basis of a
player’s behaviour. We examined our simulation model in the limited information treat-
ment and simulations reproduced the two properties mentioned above ohserved in the
experiments.

Though we should be careful to conclude that our model simulates subjects’ strategies
in the PDN games, we could say at least that our model could be a candidate deserving
further study.

Acknowledgements

The author would like to thank Prof. Sobei H. Oda, Kyoto Sangyo University for his
helpful comments. This research was partially supported by the Open Research Centre
“Experimental Economics: A new method of teaching economics and research on its
impact on society”, the Graduate School of Economics, Kyoto Sangyo University and
Japan Society for the Promotion of Science, Grant-in-Aid for Scientific Research (B),
13480115.

References

[1] Arno, R. and Ule, A., “Exclusion and Cooperation in Social Network Experiments”,
Working paper, CREED (2002).

[2] Axelrod, R., The Evolution of Cooperation, New York: Basic Books (1984).

[3] Hayashi, N., Jin, N. and Yamagishi, T., “Prisoners dilemma network: A computer-
simulation of strategies”, Japanese Journal of Social Psychology, Vol. 8, No. 1, pp.33-
43 (1993).

[4] Hayashi, N. and Yamagishi, T., “Selective play: Choosing partners in an uncertain
world”, Personality and Social Psychology Review, Vol. 2, pp.276-289 (1998).

181 / 304



[5]

[9]

Hauk, E., “Multiple Prisoner’s Dilemma with(out) an outside option: An experimen-
tal study”, Economics Working Papers 391, Department of Economics and Business,
Universitat Pompeu Fabra (1999).

Jin, N., Hayashi, N. and Shinozuka, H., “An experimental study of Prisoner’s
Dilemma Network: Formation of committed relations among PD partners”, The
Japanese Journal of Experimental Social Psychology, Vol. 33, No. 1, pp.21-30 (1993).

Takahashi, N. and Yamagishi, T., “Altruistic behavior can be profitable if people
are not too generous or too demanding”, Paper presented at the 6th International
Conference on Social Dilemmas, Wassenaar, Netherlands, June 18-23 (1995).

Takahashi, N., Yamagishi, T. and Hayashi, N., “Spontaneous formation of generalized
exchange system: An experimental study of discriminating altruism”, The Japanese
Journal of Psychology, Vol. 70, No. 1, pp.9-16 (1999).

Yamagishi, T., Hayashi, N. and Jin, N.,“Prisoner’s dilemma network: Selection strat-
egy versus action strategy”, Social Dilemmas and Cooperation, Berlin: Springer-
Verlag, pp.233-250 (1994).

182 / 304



How to Use Private Information in a
Multi-person Zero-sum Game *

Hiroyasu Yoneda', Gen Masumoto?, and Sobei H. Oda?

! Kyoto Sangyo University
2 Kyoto Sangyo University
3 Kyoto Sangyo University

1 Introduction

This paper describes how people play a zero sum game with different private
information. Apparently more informed players earn more than less informed
players do. What happens however if people buy and sell speculatively in the
future market? Those who are better informed seem to have greater chance
to earn money, while those who have no information may expect zero profit
because they seem to have equal chance to make money (to buy a commodity
whose price will increase or to sell a commodity whose price will decrease)
and to lose money (to sell a commodity whose price will increase or to buy
a commodity whose price will decrease) . Yet the sum of all traders is zero.
If the most informed player earns profit and the lest informed player expects
zero profit, some modestly informed players must suffer loss.

Huber and Kirchler [1] formulated a simple model of the future market and
observed the paradoxical distribution of gain and loss among players in their
simulations with computer agents and experiments with human subjects. In
this paper we shall develop their analysis to examine the strategies of players
(agents and subjects) and income distribution among them in more detail.

This paper is organised in the following way. In the next section we shall
define our model. In Section 3 we shall show some results of our simula-
tions: income distribution changes drastically if some or all agents change
their strategies. In Section 4 we shall present some findings of our experi-
ments: human subjects change their strategies so flexibly to increase their
profit according to the strategies of their competitors.

* This paper is a shorter version of Yoneda, Masumoto and Oda [2] with some
new findings in simulations and experiments but without details in mathematical
analysis. The present study is based on the research by the Open Research Centre
Project “Experimental Economics: A new method of teaching economics and
the research on its impact on society” and Grants-in-aids for Scientific Research
17310029.
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2 The Game

The game is played in the following order by 2M + 1 players.!

1. At the beginning of each round Player i (0<i<2M) tells his reservation
price R; to the auctioneer to make the contract that he will buy a unit of
a future commodity if R; is higher than its price P and that he will sell a
unit of the commodity if R; < P.

2. The auctioneer gathers all the reservation prices and declares the median
of them as P so that demand equals supply in the future market.

3. The true value of the commodity V is determined exogenously as the sum
of 2M stochastic variables: V = Zifl X where X1, Xo, ..., and Xop
are determined identically and independently to be 0 or 1 with equal
probability 0.5.

4. Those who bought (sold) the commodity in the future market sells (buys)
it in the spot market at the true value V' to close their accounts. Hence
each player’s profit is determined as soon as V' is revealed.

Every player’s profit is determined as a result of the above-mentioned
trade: if P < R;, Player ¢ buys the commodity at P in the future market and
sells it at V' in the spot market to earn V — P of profit; if R; < P, Player i
sells the commodity at P in the future market and buys it at V" in the spot
market to earn P — V of profit. Needless to say, the sum of all player’s profit
is always zero: Y ;. p (P =V)+ > 5 (V= P)=0.

3 Simulations With Computer Agents

Let us assume that all players know how V is determined: V = Zifl X}, and
that before determining R;, Player i can correctly see what values X;, Xa,
..., and X; will be (Player 2M can predict the values of all the 2M variables
while Player 0 can forecast nothing). In the circumstances Player i can take
it into account to determine R; that V will be between V™" = 37 2 and
ymax — N wp+(2M —z) As is readily checked, a strategy that may choose
a value smaller than V™™ or greater than V;** as R; is weakly dominated
by such a strategy that chooses R; = V™! or R; = V™2 then.

On the above-mentioned assumption and consideration, we run a number
of simulations with 101 agents (namely M = 50) which follow either the
middle-value strategy: R; = (V™" 4+ V;™**), or the either-end strat-
egy: R; = V™™ or R; = V;** with equal probability.

How gain and loss are distributed among the agents are illustrated in Fig-
ures 1-4. There the horizontal axis stands for the agent (from 0 to 100) while
the vertical axis represents each player’s average profit (for 10000 rounds).

! The game is as the same as the one presented by Huber and Kirchler (2004)
except that the number of players is not even but odd.
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The marginal contribution of private information to profit, which is defined
as Player i 4+ 1’s profit minus Player 4’s, is not monotonously increasing (Fig-
ures 1 and 2). An agent may decrease his loss (and increase his gain) by
adopting the strategy which is different from the strategy all the other agents

follow (Figures 3 and 4).?

f—
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-—..___-_______.__..-""'
Fig. 1. Income distribution
among middle-value strategy
agents
| et
i-j'r"
| 7
= e
Fig. 3. Income distribution

among an either-end strategy
agent (Player 30) and middle-
value strategy agents

A Rt i i ol S

Fig. 2. Income distribution among
either-end strategy agents

o
k| A s e e

Fig. 4. Income distribution
among a middle-value strategy
agent (Player 30) and either-end
strategy agents

Figure 5 shows how Player 30’s profit changes if he follows the following
strategy.

R{mwmwm>

= Vit v - vi)

where i = 30, 0<6;<1 and V; = £(V;™in 4 Vmax) = S L wk+ $(2M — i)

(the strategy is the middle-value strategy if ; = 0, while it is the either-end

with probability 0.5
with probability 0.5

2 Except for small differences in the number of agents and their strategies, Figures
1 and 3 were discovered by Huber and Kirchler (2004).
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strategy if 6; = 1). Player 30’s profit increases as 39 increases if all the other
players follow the middle-value strategy (the solid curve), while it decreases as
030 increases if all the other players follow the either-end strategy (the broken
curve).?

= g

T Fig. 6. Income distribution
Fig. 5. The effect of [Rs0 — Vaol among deterministic either-end

(=35030) on Player 30’s income strategy agents

| #
B _,/:: s — L

_ ¥ ,
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-;_._‘__\__"_'__’_,.a-"

Fig. 7. Income distribution Fig. 8. Income distribution
among a human subject (Player among a human subject (Player
30) and middle-value strategy 30) and either-end strategy
agents agents

3 Though omitting mathematical analysis, we should only mention the following to
illustrate how the same strategy produces different profit if others change their
strategies. It is not a coincident that Player 30’s profit is zero in Figure 3 and he
can earn positive profit if he chooses V™™ or V;™* not randomly but systemat-
ically: R; = V™ if V; < %i; R; = V;™* otherwise. Yet income distribution in
Figure 6, which is realised if all players adopt the above-mentioned strategy, is
more uneven than it is in Figures 1 and 2.
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Fig. 9. Increase in |R3p — V30| from
Session (b) to Session (c)

Fig. 10. Income distribution
among a human subject (Player
100) and middle-value strategy
agents

4 Experiments With Agents and Human Subjects

We did experiments with computer agents and human subjects at Kyoto Ex-
perimental Economics Laboratory (KEEL), Kyoto Sangyo University (KSU)
on October 13 and 16, 2004. In total 46 undergraduates of KSU played the
game mentioned in the previous section as a unique human player with 100
computer agents. To put it concretely, each subject played the game (a) with
100 middle-value strategy agents for 100 rounds as Player 100; (b) with 100
middle-value strategy agents for 100 rounds as Player 30; (c¢) with 100 either-
end strategy for 100 rounds as Player 30. Twenty one subjects played the
three sessions in the above-mentioned order, while the other subjects played
the last two sessions reversely.

Figures 7 and 8 show how gain and loss were distributed among human
subjects and computer agents in Sessions (b) and (c) respectively. There the
horizontal and vertical axes are the same as in the previous figures; the data
in Figure 7 is aggregated from Session (b) played as the second session and
Session (b) as the third session, because the performance of players (subjects
and agents) are not different between the two sessions; a similar remark applies
to the data in Figure 8.

Although it is not as large as it is in Figures 3 and 4, an decrease in loss or
increase in gain of Player 30 is visible in Figures 7 and 8, which fact suggests
that our subjects changed their strategies according to the strategy of their
competitors. It is confirmed by Figure 9, where about seventy per cent of
our subjects chose Rzg in more distance from V3y in (b) than they did in
(¢) (Wilcoxon signed rank test, z=2.873, P=0.004, two-tailed). Remembering
Figure 5, we can see it increased their profits.

5 Concluding Remarks

The results of our experiments may suggest that human players can think
and/or learn so flexibly that they can change their strategies according to
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changes in their circumstances. With partial information and ignorance of
their competitors’ strategy, most human subjects outwitted their competitors
(computer agents). This performance is even more impressive if we take it into
account that not a few subjects failed to find out the best strategy (Rigo =
Vioo) when they have the full information (Figure 10).

However, the good performance of our subjects may be benefited largely
from the fact that their rivals are all such simple computer agents that cannot
change their strategies. If they also could change their strategies according to
their experience, the dynamics of the game would be so complicated that they
could not be outwitted by human subjects.
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Abstract

This study examines problems of environmentally conscious decision-making in resource consumption using
experiments with human subjects. Environmentally conscious behavior is an important issue related to
environmental problems such as natural resource exhaustion. However, environmentally conscious behavior
must confront the dilemma posed by self-interest and public interest. This study constructs a decision-making
model of this situation based on a game-theoretical approach. Experiments with human subjects reveal that a
sense of crisis of resource exhaustion can influence decision-making. Vast resources are often consumed and
resources decrease furiously when adequate resources remain. Environmentally conscious behavior emerges

as resources approach exhaustion.
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1 INTRODUCTION

This study examines problems of environmentally conscious
decision-making in resource consumption.

Environmentally conscious behavior is a necessity to realize
sustainable  consumption. However,  environmentally
conscious behavior has characteristics of the dilemma posed
by self-interest and public interest: environmentally conscious
behavior is necessary to realize sustainable consumption, but
it is frequently unprofitable; self-interested behavior that
ignores environmental issues usually brings high profit or
other benefits. Accordingly, free-rider problems arise,
rendering the realization of sustainable consumption difficult.
For example, although each oil producer might wish to exploit
oil as much as possible to increase its own profits,
overexploitation might exhaust oil resources. The extracting
companies can make no profits if all the resources are
exhausted. In other words, the producers must cooperate to
achieve sustainable use of oil resources.

Manufacturers confront a similar dilemma in production
activities. Manufacturers generally incur large costs to
produce eco-friendly products. However, they can produce
ordinary products at lower cost than eco-friendly products. If
no one manufactures eco-friendly products, the
environmental burden would be increased.

Moreover, this dilemmatic situation is applicable to our
consumption in daily life. We can choose an environmentally
friendly product or other products when we make a purchase.
At present, we often think that a recycled product is inferior to
brand new products with respect to product quality or design.
However, such products are not good for environmental
resource conservation, and consumers might ultimately be
affected by a damaged environment. Similarly to these
environmental problems, innumerable social dilemmas
confront humans in the real world.

14th CIRP Conference on Life Cycle Engineering, 2007

This paper models this situation simply based on a game
theoretical approach. In our model, decision-makers such as
manufacturers make decisions based on the amount of
consumption of natural resources. Their profits will increase
and the environment will worsen if natural resources are
overly consumed. In contrast, if natural resources are less
consumed, the environment can be conserved but their
profits decrease.

This study conducts economic experiments with human
subjects to analyze the associated decision-making.
Economic experimentation is a new tool for social science
study [1]. Economic studies that adopt this method are
established as experimental economics. Just as engineers
and scientists do in other fields, an economist can design an
economic experiment or game to examine a particular theory
or policy. The experimenter recruits participants for the
experiments, promises that they will receive a monetary
reward according to their performance in the experiments,
and observes their actions in the experiment to verify whether
those actions reflect the theory or policy as it was
hypothesized.

The purpose of our study is to determine how environmentally
conscious behavior arises under circumstances in which a
dilemma exists between self-interest and the public interest.

This paper is organized as follows. Section 2 presents related
literature. Section 3 explains our model and theoretical
predictions. In section 4, we describe experiments with
human subjects and present the results. Section 5 discusses
how the environmentally conscious behavior emerges using
experimental results. Finally, section 5 concludes our
analyses with a few remarks.
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2 RELATED LITERATURE

In this section, we explain the literature related to our study.
The field of sustainable consumption is closely related to the
present study in terms of its objectives. However, we
approach those objectives using game theory and
experimental economics.

Sustainable consumption

Numerous studies of sustainable consumption have been
made [2]. For example, households’ sustainable consumption
patterns are analyzed using the waste input-output model [3].
Lenzen [4] and Wier et al. [5] studied household energy
consumption and CO, emissions. Most of those studies of
household environmental impact specifically examine energy
consumption. Duchin [6,7] proposed the use of a social
account matrix to construct scenarios about consumption.
Hubacek and Sun [8] developed I-O based scenarios for land
use and water consumption. The concept of a rebound effect
is important for sustainable consumption. Greening et al. [9]
present a survey of studies that were undertaken in the U.S.,;
the survey results indicate that the rebound effect is between
about 0% and 50%. None of those studies treats problems of
sustainable consumption as decision-making problems. Our
study specifically addresses decision-making related to
consumption, which confronts the dilemma between self-
interest and public interest.

Game theory

Environmental problems are exacerbated by the dilemma
posed by self-interest and group-interest. A famous
explanation by Hardin [10] characterized these problems as
“the tragedy of commons”. These problems, which are called
“social dilemmas”, have spurred numerous theoretical
studies, such as those that describe provision and use of
public goods [11-14] and common-pool resources [15,16].
However, such studies mostly subsume that decision-making
is accomplished independently in each period. For example,
in a typical public good game, a player selects an amount of
investment and obtains a payoff in each period. However, in
this study, we model a game in which the value of resources
is sustained over many periods. That is, players obtain a
payoff from environmental resources and they can observe
the decreasing resources because environmental resources
are not reset at initial values in each period. In this situation,
we examine whether players cease self-interested behavior
before exhausting the environmental resources.

Experimental economics

In general, many studies have addressed public goods and
common-pool resource games in the field of experimental
economics. In those studies, similar games exist with
sustained resources over a period, such as those
investigated by Herr et al. [17], Walker et al. [18], and Bru et
al. [19]. From the foundation of these games, we extend them
to represent environmental problems: natural resources
continue to be consumed and depleted endlessly. The
present study particularly examines the ftransition of
environmental resources. We examine whether subjects’
behaviors can be altered by the effects of that resource
transition or not.

3 MODEL

3.1 Decision-making model based on game theory

Based on game theory, we model a general decision-making
system. The players are decision-makers with respect to
consumption of natural resources. Using this game, we
analyze how environmentally conscious behavior can
emerge.

Let us consider an n-person game. Each player chooses
action EC or EH. Action EC represents environmentally
conscious  behavior and action EH represents
environmentally hostile behavior. Let R be the amount of
natural resources in period ¢, which all players own jointly.

In each period, a player must decide to take action EC or
action EH. If a player chooses action EC in period ¢, the
player consumes a small share of natural resources, which
we call share § . The amount of use is so small that the
natural resources can recover all the consumption within the
period. Namely, no destruction of natural resources occurs:
R[ is renewed and the stock does not decrease. On the other
hand, if a player chooses action EH in period ¢, the player
consumes a large share of natural resources, which we call
share L . In this case, the natural resources can recover only
a part of that consumption. We define » as the amount of
recovery, where r < L . Accordingly, the destruction of
natural resources occurs and decreases. In period ¢, the
aggregate reduction of natural resources is represented as
ng,(L—r), where p,, denotes the number of players who
choose EH in period ¢ . It is noteworthy that R is not reset in
each period and is carried over from the previous period:
Rr+1 :Rt —nEH(L—r). Figure 1 depicts this decision-making
model by using a game-theoretical framework.

Player n

Player 3

Player 2 Cf
(Reduction L-r)

(Reduction L-r)

Player 1

Action EH
(Reduction L-r)

Total reduction of natural resources: nz(L-r)
Natural resources of next period: Ri+1 = Ri—nz(L—r)

Figure 1: Model explanation by extensive form of game theory

Two types of payoff are defined: a consumption payoff and a
natural resources payoff. The consumption payoff in period ¢
for any player is ul(at) =a,, where a, € {S,L}. The natural
resources payoff for any player is u,(R;) =R, /n, where T
is the final period of this game and players do not know 7.
The satisfaction derived from consumption of natural
resources in each period is u; u, denotes the benefit from
the ultimately remaining natural resources. A player can know
the value of R, in period ¢, but cannot know the final exact
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amount of the natural resources payoff until the game is
finished. The overall payoff that a player can obtain is the
sum of u, and u, - Figure 2 shows an illustration of this
game.

In this game, we prepare two types of game endings. The
game can finish at period 7' . Alternatively, the game is
finished when natural resources are exhausted (R[ =0).
Because R might be negative in the former game, a player
might receive a negative payoff from natural resources.
Therefore, it can be regarded as a game that represents
problems of degradation of natural resources such as
atmospheric pollution and greenhouse gases. On the other
hand, the latter game can be regarded as involving
environmental problems that represent limited natural
resources such as petroleum, natural gas, bauxite, and so on.
We respectively call these two games the degraded
resources game and the limited resources game. Next, we
consider theoretical predictions related to the games.

After game ends, players obtain payoff from natural resources.

U, U, U,

Environmentally conscious behavior
or
environmentally hostile behavior ?

Natural resources

Decision-making affects natural resources.
Environmentally hostile behavior greatly
reduces resources and environmentally
conscious behavior does not reduce resources.

Figure 2: lllustration of the model

3.2 Theoretical prediction

Degraded resources game

In this game, we can consider two types of theoretical
equilibrium. First, an equilibrium exists in which all players
always choose EH, which we regard as an infinitely repeated
game because players do not know the final period of the
game. If a player has a discount factor & (0 < & < 1), the
natural resources payoff u, becomes zero as ¢ approaches
infinity: 1imH0O é‘fuz =( . Therefore, a player ignores u,
and always chooses EH. Second, we can consider another
equilibrium when we presume that the natural resources
payoff 4, is calculated, then divided into each period. In this
case, the equilibrium depends on the value of natural
resources reduction in each period L —r ; the size of R,
which might retain its value after T repetitions, does not
matter. This game is equivalent to the n-person prisoner’'s
dilemma if the following inequality holds [20]:

L-r
n

<L-S<L-r (1)

The total payoff with all EC is greater than that with all EH if
this constraint holds.

Limited resources game

In this game, a Nash equilibrium is the strategy by which a
player continues without R decreasing below zero. This
continuing strategy is the best response for each player if the
other players select this strategy. In other words, this strategy
is that a player can select action EH as long as R, is positive;
otherwise, a player always selects action EC. If a player
selects action EH, which makes R negative, then the game
is finished and a player cannot obtain any payoff from this
game. For this reason, the continuing strategy is a Nash
equilibrium. Innumerable combinations of this strategy exist.

4 EXPERIMENTS WITH HUMAN SUBJECTS

4.1 Experimental design

In our experiments, we conducted four treatments.
Treatments 1, 2 and 3, the degraded resources games, are
conducted with different initial resources RO =0, 1000 and
5000, respectively. In treatment 4, the limited resources game
is conducted. The setting of each treatment is shown in Table
1.

Table 2 shows other parameters used for the experiments.
These parameters are determined to be satisfied with
inequality (1) and are common to all games. Table 3 presents
the game in another way: the consumption payoff and
resource reduction by action of a player. As we define n=3,
three players make decisions in a group. Accordingly, the
total amount of natural resource reduction is 90 if three
players participate in the game and if all players choose
action EH.

Table 1: Four treatments

Initial
Game type
resources
Treatment 1 | Degraded resources game | R, =1000
Treatment 2 | Degraded resources game | R, =0
Treatment 3 | Degraded resources game | R, =5000
Treatment4 | Limited resources game R, =1000
Table 2: Parameters for experiments

Number of subjects in a group n=3

Small share of natural resources §=30

Large share of natural resources L=46

Amount of recovery in action EH r=16

Table 3: Consumption payoff and natural resources reduction
change by action of a player

Consumption payoff | Amount of natural
in each period resource reduction
Action EC 30 0
Action EH 46 30
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4.2 Human subjects

Subjects were recruited from among undergraduate students
and graduate students at the University of Tokyo and Kyoto
Sangyo University. The number of subjects in each game is
shown in Table 1. Then, based on methodology of
experimental economics, subjects are rewarded according to
the total payoff, calculated as one yen per point in games.

Table 1: Number of subjects in each treatment

Number of subjects
Treatment 1 45
Treatment 2 45
Treatment 3 24
Treatment 4 42

4.3 Results of the degraded resources game

In this game, decisions are repeated until period 7" . Subjects
do not know when the game finishes. To conceal period T’
from subjects, we use a number between 50 and 70, which is
determined randomly. After T repetitions, each player
obtains a natural resource payoff R, /n, where R, denotes

the remaining natural resources after finishing the game.
Each player obtains a negative payoff from natural resources
if R, is negative. In these parameters, the total payoff

(consumption payoff plus natural resources payoff) cannot be
negative because all players always choose EH and get 16 in
every period if we consider converting the natural resources
payoff into each period.

Figure 3 shows the transition of average natural resources
R The figure shows that natural resources were constantly
diminished in all treatments: some subjects continued to
choose action EH and neglected the payoff from natural
resources. These treatments imply that the change of initial
natural resources R, does not affect a decreasing tendency.

Figure 4 shows the transition of the average ratio of action
EC. That figure shows that 60-80% of subjects select action
EC. In treatment 1, the ratio of EC is low until the 10th period;
the ratio increases after the 25th period. On the other hand,
fluctuations are few through the periods in treatment 3,
indicating that those subjects did not change their behavior to
a great degree.

Treatment 1(R0=1000)
Treatment 3 (R0=5000)

Treatment 2 (R0O=0)
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Figure 3: Transition of natural resources
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Figure 4: Ratio of environmentally conscious behavior EC

4.4 Results of the limited resources game

In this game, decisions are repeated until R =0 . However,
we must define the maximum period 7.t avoid the case in
which all players choose EC and the game continues
indefinitely. The maximum period is determined as around
50-70. Players do not know the maximum number of periods.
A message that the game is over is shown suddenly on the
display in front of subjects when the period reaches T oan:

Figure 5 shows the transition of average natural resources
R . Comparison with Fig. 3 shows that although natural
resources decrease until the 30th period, the decrease of
natural resources can stop after that. Therefore, subjects
prefer to continue the game by preserving natural resources,
rather than seeking the myopic consumption payoff. As a
result, most subjects choose action EC. In most subject
groups, depletion of natural resources does not occur and the
resources can be preserved indefinitely. In treatment 4, only
two groups out of all 14 groups finished before reaching 7

max
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1000 |
8 800
2
3
5 600 |-
<
w 400
Ei
S 200
O n n n n n
0 5 10 15 20 25 30 35 40 45 50
Period
Figure 5: Transition of natural resources
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Figure 6: Ratio of environmentally conscious behavior EC

192 / 304



Figure 6 shows the transition of the average ratio of action

—e—ECtoEH —=—EHto EC
EC. Compared with Fig. 4, although the ratio of EC is low in ‘ ° °

16
the early period, the ratio increases drastically in the latter 14
half. Environmentally conscious behavior is fostered by a 12 K

sense of crisis of resource exhaustion.

4.5 Comparison of the degraded resources game and
limited resources game

|
T N R RA AR L

6
4 .
2
0

Frequency of behavior change

A comparison of all four treatments is instructive. Figure 7

" ) S PSSP L L PSS
shows the transition of natural resources in all treatments. For N

easy comparison, we arrange the initial natural resources to Remaining natural resouces
be equivalent and plot the amount of reduction in Fig. 7. That Figure 8: Relation between behavior change and remaining
figure shows that reduction in the first 20 periods is similar for natural resources in treatment 1

treatments 1 and 4. On the other hand, treatments 2 and 3
show a similar appearance of reduction through all periods.

—o—ECtoEH —=—EHto EC

Treatment 1 Treatment 2 Treatment 3 Treatment 4

0
0| R
-400 ~
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-800 ~S
-1000 \
-1200
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Accumulated reduction of
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Period Figure 9: Relation between behavior change and remaining

. - ) natural resources in treatment 2
Figure 7: Transition of natural resources in all treatments

Next, we examine the relation between the change of ¢+—ECtoBH BitoEC

behavior and the amount of remaining natural resources.
Figures 8-11 show the frequency of behavior change in
several amounts of resources. The vertical axis stands for the
frequency of behavior change and the horizontal axis stands
for remaining natural resources. In these figures, treatments 1
and 4 present a common remarkable feature. The line graph
of “EH to EC” shows a peak around 10 in Figures 8 and 11.
This means that before natural resources become zero, many

Frequency of behavior change

subjects change their behavior from environmentally S O R o © SO S NS
conscious behavior (EC) to environmentally hostile behavior SN
(EH). Interestingly, many subjects change EC to EH, even Remaining natural resources

though the game does not finish in treatment 1 when the Figure 10: Relation between behavior change and
natural resources become zero. remaining natural resources in treatment 3
Treatments 2 and 3 mutually show a similar tendency. From

Figures 9 and 10, it is found that subjects who change their

behavior are few. Accordingly, in those treatments, there is no —¢—ECloBH —=—EHloEC

trigger to induce subjects to change behavior from 12 []

environmentally  hostile  behavior to environmentally
conscious behavior.

From these results, we can infer that a sense of crisis of
exhaustion is important. However, it does not matter whether
the exhaustion is true or not. A sense of crisis can trigger
environmentally conscious behavior.

12 il
e ./\
UM AN A A VA

u

Frequency of behavior change
[o<]

S LR LSS
5 DISCUSSION

These experimental results indicate that environmentally
hostile behavior cannot be halted in the degraded resources
game (treatments 1, 2 and 3) even if the natural resources
are decreasing, but the environmentally hostile behavior can

Remaining natural resouces

Figure 11: Relation between behavior change and
remaining natural resources in treatment 4
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decrease and disappear before exhausting natural resources
in the limited resources game (treatment 4). The degraded
resources game can be regarded as a representation of
environmental problems for which exploitation of natural
resources might engender negative effects in the distant
future such as increasing greenhouse gases, atmospheric
pollution, and deforestation. In this situation, environmentally
conscious behavior to conserve natural resources is difficult.
However, if people feel a sense of crisis, cooperative
behavior might be elicited from environmentally hostile people
because experimental results show that natural resources’
depletion to zero elicits environmentally conscious behavior in
treatment 1.

On the other hand, the limited resources game can be
regarded as an environmental problem such that people
cannot obtain benefit from natural resources if they are
exhausted. This situation corresponds to problems such as
overexploitation of mineral resources, oil, and other fossil
fuels. People cannot receive benefits from these natural
resources if they are exhausted through overexploitation: for
example, people cannot perpetually use aluminum products if
bauxite deposits become unavailable. In the limited resources
game, a player can obtain no payoff if natural resources
become fully depleted because the game is finished.
Accordingly, it is implied that people who face the use of
limited natural resources have a strong incentive to adopt
environmentally conscious behavior.

Results of both the degraded resources game and the limited
resources game imply that awareness of natural resource
limitations might be powerful to compel people to halt
environmentally hostile behavior.

6 CONCLUDING REMARKS

This study examined problems of environmentally conscious
decision-making in resource consumption using experiments
with human subjects. A decision-making model of a dilemma
situation was constructed based on game theory. In the
model, two types of game were prepared: a degraded
resources game and a limited resources game. These
experimental results suggest that environmentally conscious
behavior depends on the properties of environmental
problems. Especially, self-interested behavior might cease
when humans become aware of a scarcity of natural
resources.
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Contributing for myself, but free-riding for

my group?

Abstract:

Is there a general difference between a decision made as an individual and one made
as a representative of a group in a public goods game? The experimental study we
conducted shows that the results are not simple: representatives contributed less than
the individuals when they couldn’t discuss with their constituency. However, when
they could discuss, they contributed nearly the same amount as did the individuals.
Furthermore, when they could discuss before and after making a decision, they
contributed even more than did individuals. The strength of the effects in Japan was
weaker than that in Spain.

I. Introduction

People who make decisions often do so not for personal gain but as
representatives of a group. Think of labour-union leaders, representatives of firms, or
representatives of local neighbourhood-committees negotiating for their respective
groups. Surprisingly, very little experimental economic research has studied the
impact of decisions made by group representatives. This study examines the
negotiations of group representatives who are more or less accountable to their group
and discuss their negotiating behaviour more or less in detail with their group before
beginning their negotiations.

A growing number of economics and psychology studies have compared
group decision-making with individual decision-making. Generally, these studies
asked groups to arrive at a unanimous decision through discussions (face-to-face or
using a chat program) without specifying a decision rule (e.g., Kugler et al., Bornstein
and Yaniv, 1998, Luhan et al., Cason and Mui, 1997, Wildschut et al., 2001), or
aggregated individual decisions with or without communication within a group before
a decision is made (e.g., Bornstein and Ben-Yossef, 1993, Bornstein, Mingelgrin and
Rutte, 1996, Wildschut et al., 2001, Lodewijkx and Rabbie (1992)). Groups often act
more “rational” in an economic sense, and are more competitive than individuals (e.g.,
Bornstein 2003, Bornstein et al., 2004). None of these studies have used group
representatives.

Psychological negotiation studies focus mainly on the effect of accountability
on negotiator behaviour. Pruitt and Carnevale (1993) give a good overview of the
literature on negotiations by representatives. They state that accountability changes
the behaviour of an individual as compared to interacting on their own behalf. Most
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studies have found that the subjects were more competitive and less willing to
concede to the other party when they were accountable. A very early study by
Klimoski and Ash (1974) showed that the mode of representative selection interacted
with the effect of accountability and influenced the results of negotiations. The
elected representatives in their study where not affected by different accountability
conditions, while randomly selected representatives performed worse in negotiations
when they were held accountable (taking longer to reach agreement and being less
cooperative). This is in line with the results reported by Benton (1972) that showed
that negotiators who are held accountable have greater difficultly coming to an
agreement with their counterpart. More recently, De Cremer and Bakker (2003) found
that accountability leads to more cooperation in social dilemmas when the decision
makers believe that others in their group will evaluate non-cooperation negatively. In
their experiments, this effect became stronger as feelings of collective concern
became stronger. This is in line with earlier results by Benton and Druckman (1974)
who found that negotiators behaved less competitively when told that their
constituency expected cooperative behaviour. Pinter et al., (2007), studied the effects
that accountability, interdependence, and a personality characteristic, guilt proneness,
have on cooperation or group leaders in social dilemmas. Their study is very relevant
to our paper, as the structure of their interacting groups is quite similar to ours. They
found that accountable leaders were more competitive than individuals, especially
when they were guilt-prone, while unaccountable leaders were as cooperative as the
individuals in their study. The authors explain this as different norms becoming
salient. When acting as individuals or as unaccountable leaders, a general cooperative
norm is salient. When acting as an accountable leader, group norms are more salient,
and they require acting in behalf of the self-interest of one’s in-group.

With respect to theoretical analyses of decisions made by group
representatives, the negotiation literature describes some models. For example, Raiffa
(2002) analyses situations in which the negotiating parties are not monolithic but are
represented by a single negotiator. Models can quickly become quite complex and, for
our purposes, these models do not need detailed descriptions.

Both experimental psychology and experimental economics study the effects
of communication on group opinions and group behaviour. The psychology literature
on the effects of group communication on decision-making has shown that the
preferences of the members of a group often change and the collective decision is
altered, sometimes toward a more extreme decision, in favour of a convergence of the
alternatives. (For an overview see Wittenbaum and Stasser, 1998.)

Economists and game theorists interpret as “cheap talk” any communication in
bargaining situations that does not lead to binding results. Such communication

should have no effect on the bargaining behaviour in a game with a single equilibrium.
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However, many experiments show that this is not the case. Druckman (1968)
describes how unstructured discussion among teammates or with an opposing
representative facilitated conflict resolution. Sutter and Strassmair (2005) showed that
intra-team communication in a team tournament increased the efforts of the team,
while inter-team communication led to collusion between teams. Communication in
their experiments generally facilitated the coordination of actions. Bornstein et al.,
(1996), reviewed some of the relevant literature and showed in their own experiments
a similar tendency in chicken and assurance games. Inter-team communication
increased cooperation within the team for the games between teams. This result is
qualified in a later study by Bornstein and Gilula (2003) that applied intra- and inter-
team communication. Teams playing the assurance game do manage to reach a
collectively efficient outcome, while teams playing the chicken game do not. The
authors interpret this finding as communication being efficient in reaching a peaceful
solution to a conflict if the conflict is motivated by fear, as in the assurance game, but
not if the conflict is motivated by greed, as in the chicken game. In a study by Pinter
et al., (2007), the leader’s communications with the constituency should generate
support for the leader’s selfish or competitive behaviour.

Our experiments combine some of the above factors in a study of decision-
making and the behaviour of group representatives in economic games. To the best of
our knowledge, we are the first to study negotiations by group representatives in
economic experiments.

In our experiments, the negotiating subjects were representatives of three-
person groups. Before negotiations began, we allowed them to chat with their group
members using a messaging program. This manipulation had several intentions. First,
we wanted to make the fact of being a group-representative as salient as possible.
Second, we wanted to enhance group identification. Finally, in several treatments, we
allowed participants to discuss their strategies with the group at several points during
the experiment to enhance accountability and to see what strategies the groups would
select and how the representative would behave based on this discussion. The subjects
always knew that a randomly chosen representative of their group would play a game
with other representatives, but they never knew in advance who would be the
representative. Our treatments varied in terms of knowledge of the instructions
available at the time of the first chat and in the strength of the accountability
manipulation. The negotiation exercise was a public goods game played by three
subjects (representatives of three different groups). We compare the contribution
levels of the representatives in the different games. We also compare these
contribution levels to a standard three-person public goods game using the same

parameters.
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Public goods games model conflicting interactions, i.e., situations where the
partial profits of different agents are in conflict with each other and/or with the profits
of a larger entity. The structure of a public goods game is such that the more each
participant contributes to the public good, the larger the gain for all participants.
However, it is in each participant’s interest to take a free ride on the efforts of the
others. Extensive literature on public goods games exists in economics, psychology,
and political science. All three fields use game theory as a theoretical basis (for an
overview of the related literature in experimental economics, see Ledyard, 1995).
Most studies of public goods games have examined the interactions of individuals.

With this background, the main research questions are as follows:

e Is there a general difference between a decision made as an individual and
one made as a representative of a group who is accountable to the group
members in a social dilemma game?

e What is the basis of this difference? The reasons might be feelings of
belonging or group identification, but also the general norms of a
group/society and the pressure to follow them (by being held accountable
by the members of their in-group).

The first of these questions can be answered by our behavioural results,
comparing the behaviour of individuals playing a public goods game to that of group
representatives playing essentially the same public goods game with varying levels of
accountability. Our results show that, indeed, behaviour does matter, whether one is
playing as an individual or as a group representative. The second question can be
answered, at least tentatively, using the chats from the pre-play communication. Our
data suggest that an important role is played by the effect described by De Cremer and
Bakker (2003): the representatives become aware of the cooperative preferences of
their constituency.

We ran experiments in Japan and Spain to further test for cultural differences
between individualistic Western and collectivistic Asian cultures (e.g., Triandis,
1995). We found no highly significant differences in behaviour between our Spanish
and Japanese subjects. This might be related to the fact that Spain is a Western
country that ranks high on Hofstede’s (1980) collectivist dimension, just as Japan
does. We do, however, find some differences in the strengths of the effects and related
differences in the chat content that also underscore our more general results.

The remainder of the paper is organized as follows: Section two describes the
experiment, section three reports the results, and section four concludes with a

discussion.

II. The Experiments

Basic design

214 / 304



We used a standard public good game as the basic tool for our experiment.
The experiment was programmed and conducted with z-Tree software (Fischbacher
2007). Based on our research questions, we used one Baseline treatment and three
“representative” treatments that differed in terms of the informational structure and
the number of interactions between the subjects of one group.

The Baseline treatment is a simple three-person public good game of ten
periods. Subjects have five tokens in each period that they can distribute between a
personal and a public account. One token in the personal account pays one token for
oneself, while one token in the public account pays 0.75 tokens for each subject
playing, including oneself. The payoff to individual i, Ui, is derived from the
following function.

U, =(E, _gi)+0‘7sigi

i=l

where E; is the initial endowment and g; is a voluntary contribution to the
group project. The dominant strategy of such a game is to make no contribution to the
public good even though the subjects would be best off if everybody contributed all of
their tokens to the public good.

In our public goods game experiment, the subjects received feedback after
each round on the total contribution of the others, but not on the individual
contributions of each other member of the group.

The same basic public goods game was used in all treatments. The
representative treatments differed in one main respect from the Baseline treatment:
representatives of three-person teams played the game. Therefore, we have three
groups of three people, each involved in one public goods game, but out of each
group, only one person is playing the public goods game. Contributions to the public
goods game have an effect on all nine subjects within one public goods game.
Earnings made by the representatives are equally distributed among all of the subjects
of one group, both those playing (the representatives) and those not playing.

In all of the representative treatments, the three-person teams were allowed to
talk to each other for five minutes using a chat program before the public goods game
began. The representative treatments differed with respect to the information available
for the chat as well as with respect to repeated chat possibilities and knowledge
thereof. The three representative treatments differed in the following ways:

In treatment R1, subjects were allowed to chat for five minutes with their in-
group before reading the instructions for the public goods game. This should enhance
their identification with their in-group and make the fact of being a group
representative more salient for them.

In treatment R2, the subjects received the public good game instructions

before chatting for five minutes with their in-group members. The subjects were
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instructed to discuss their strategies during the chat time. As an additional change,
after the first 10 rounds of the game, they received a second and unexpected chance to
chat with their in-group members, which allowed us to observe their reactions to the
results of the game.

Treatment R3 was essentially the same as treatment R2, with the exception
that the subjects knew from the beginning that there would be a second chat with their
in-group after 10 rounds of game play. We introduced the second chat to enhance
accountability. The representatives now knew that they would have to justify their

actions in front of their group members.

Procedure

When the subjects arrived at the laboratory, they were randomly seated at
computers that were separated by partitions so that others could not view them. The
subjects were organised randomly into three-person groups and, in the representative
treatments, larger entities comprising three such groups to play the public goods game
together.

Depending on the treatment, the small groups were allowed to chat for five
minutes about everything except identifying information (R1) or they received
instructions for the public goods game, which were also read out aloud (R2 and R3).
In treatments R2 and R3, the groups were then asked to chat for 5 minutes about the
strategy to follow, but the subjects in R1 were not asked to chat. The subjects in the
Baseline treatment were not allowed to chat, but immediately received instructions for
the public goods game. After the subjects had read the instructions, they took a brief
test at their computer terminals to verify that they correctly understood the rules of the
game. The experiment did not start until all of the subjects had answered the questions
correctly. After subjects had read the instructions and the chats were finished, in the
representative treatments, the computer selected at random a representative for each
group. Therefore, the subjects did not know who would be the representative when
they had their in-group chat.

In all of the treatments, the subjects played 10 rounds of the public goods
game described above. In the Baseline treatment, the experiment ended when this
game was finished and subjects were privately paid a show-up fee plus their earnings
from the experiment. In the representative treatments, the experiment continued.
Either a new representative was selected (R1) or the groups were allowed to again
chat for 5 minutes, after which a new representative was selected (R2 and R3). The

game was then played for another 10 rounds,' after which the representatives

" The data for the second 10 periods are not analyzed in this paper. The second 10 periods are
dependent on what happened in the first 10 periods, and such an analysis is not relevant to the research
questions dealt with in this paper. This will be done in a later paper (Ilida and Schwieren, in progress).
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completed a questionnaire asking about their identification with their in-group (R1,
R2, and R3) and sense of accountability (R2 and R3 only). The subjects were then
paid and dismissed. Table 1 summarizes the Baseline and representative treatments.

Table 1: Treatments

Baseline | RI1 R2 R3
Representatives? No Yes, 2 Yes, 1 Yes, 1
Chat before playing? No Yes Yes Yes
Instructions known before No Yes Yes
chat?
Chat after playing? No No Yes, unknown Yes, known
before before

Sample

We conducted the Spanish sessions at the Universitat Pompeu Fabra in
Barcelona. The participants were students of various faculties of this university. Each
treatment comprised 12 groups, so data is available for 12 players in each treatment.
However, in the representative treatments, three representatives always played
together, so truly independent data is available only for 4 groups (representatives)
(after period 1, when the behaviour was still independent). The show-up fee in Spain
was €3. In addition to the show-up fee, the subjects received a performance-based
amount. Each token that the subjects earned in the experiment was worth 0.02€ (see
instructions in the appendix).

In Japan, the experiments were conducted in the experimental laboratory at
Kyoto Sangyo University. The participants were students from all of the school’s
faculties. 27, 54, 81 and 72 subjects participated in the Baseline, R1, R2, R3
treatments, respectively. Thus, truly independent data is available for 9 groups in the
Baseline treatment and for 6 groups in R1, 9 groups in R2, and 8 groups in R3. Each
token earned by the subjects in the experiment was worth 3 Yen, which is
approximately equivalent to the Spanish payoff. The show-up fee was 500 yen (about
€3.1).

I11. Results:
Differences between treatments

The behaviours of the representatives from Japan and Spain are compared
using non-parametric Man-Whitney U-tests. Surprisingly, the two countries show no
significant differences in the contributions to the public good in any of the treatments
using all of the data. However, a difference in the strength of the differences between

the treatments was found. The treatment effects were generally strong and significant
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in Spain, but not in Japan. Furthermore, if only period 1 data is considered, a

marginally significant difference can be seen in the Spanish and Japanese data for R3.

Table 2 Differences between countries: overall

Jpn Spn p z
Baseline 2.14 1.91 | 0.5553 | -0.59
R1 1.76 1.59 | 0.4225 | -0.802
R2 2.03 1.92 | 0.7573 | -0.309
R3 2.31 2.37 1 0.6706 | -0.425

Table 3: Differences between countries: 1* period

Jpn Spn p z
Baseline 2.59 2.83 | 0.5068 | -0.664
R1 2.33 1.83 | 0.2173 | -1.234
R2 2.44 2.58 |0.6248 | -0.489
R3 2.38 3.58 10.0748 | -1.782

Due to these differences between the two countries, the data for Japan and
Spain were analyzed separately.” Possible reasons for the differences will be
discussed later in this paper.

The following discussion considers only the first-period data for the statistical
analysis, as the data for later periods is dependent on the first-period data. The

development over all periods will be described later in this paper.

Spain

Using a Kruskal-Wallis test to look for a general treatment effect, we found a
significant difference in the first-period contributions across all treatments (Chi-
Square = 11.41, p =0.0097). We then looked at pairwise comparisons of the
treatments using non-parametric Man-Whitney U-tests. A comparison of the baseline
and R1 treatments revealed a significant difference between the two treatments, with
lower contributions in the R1 treatment. Group representatives that could not discuss
the strategy of the game with their constituency played the public goods game more
selfishly than did individuals. This difference no longer holds when the R2 and
Baseline treatments are compared. Representatives of groups who discussed the their
strategy before taking an action cooperated as much as individuals did.

R3 did not significantly differ from the Baseline treatment. Contributions in

the R3 treatment were even slightly higher than in the Baseline treatment. Enhancing

? The pooled data for Spain and Japan shows the intermediate results for both countries. No significant
differences are seen among all of the treatments (p=0.19, K-W test) and the p value indicates that the
differences are smaller than that of the Spanish data but larger than that of the Japanese data. The M-W
test between each treatment found a single marginally significant difference (p=0.0571) between R1
and R3. Table ** in appendix shows all of the results.
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the possibilities of discussion with the group seems to encourage the representatives

to act even slightly more cooperative than individuals in a public goods game.

Table 4: Differences between treatments in Spain: 1% period

R1 R2 R3
Average p z p z P z
Baseline 2.83 0.0592 -1.887 0.6501 -0.454 0.1937 -1.3
R1 1.83 - - 0.2601 -1.126 0.0055 -2.773
R2 2.58 - - - - 0.1787 -1.345

R3 3.58 - - - - - -

If we compare the different representative treatments, the difference between
R1 and R3 is significant. Representatives of groups that had several possibilities to
discuss their strategy (before and after playing the public goods game) were much
more cooperative in a public goods game than representatives that could not discuss
their strategies with their groups.

The differences among the other representative-treatments were not significant.

Japan

The same tendency is seen in the Japanese data. The R1 treatment has the
lowest average, lower than that of the Baseline, while the R3 treatment has the highest
average, higher than that of the Baseline, at least for the overall data. The Japanese
data shows no significant differences in either the Kruskal-Wallis tests or the pairwise

comparisons (table 5).

Table 5: Differences among treatments in Japan: 1% period, Man-Whitney-U tests

R1 R2 R3
Average p z p z
Baseline 2.59 0.458 -0.743 0.805 -0.247 0.707 -0.376
R1 233 - - 0916 -0.105 0.933 -0.084
R2 2.44 - - - - 0.885 -0.144

R3 2.38 - - - - - -

Figures 1 and 2 show the average number of tokens that were contributed to
the public good over all periods in each country. The contribution levels in each
treatment were similar in both countries. The contributions of the R3 subjects over 10
periods were the highest (2.31 in Japan and 2.37 in Spain), while those of the R1
subjects were the lowest (1.76 in Japan and 1.59 in Spain). The contributions of the
Baseline and R2 subjects were similar (2.14 and 2.03 in Japan and 1.91 and 1.92 in
Spain). They were higher than those of the R1 subjects but lower than those of the R3

subjects.
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Relationships between contribution decisions and questionnaires

In addition to collecting data on the contributions to the public goods game,
we collected questionnaire data on identification with the in-group (R1-R3) and
perceived accountability (R2 and R3 only) after the subjects had made their
contribution decisions. The questions are the same as those used in psychological
research on identification (Mullin and Hogg, 1998) and accountability (Hochwarter,
Kacmar, and Ferris, 2003). They are usually relatively highly reliable. For the subjects
in Spain, Cronbach’s alpha was .90 for the identification scale and .63 for the
accountability scale. For the Japanese subjects, the alpha was .88 for the identification
scale and .80 for the accountability scale. With the exception of the reliability of the
accountability scale in Spain, the alphas are all reasonably high. Therefore, this

questionnaire data can be used for the analyses.

Spain

For all of the treatments, identification with the in-group correlates highly
significantly with the contributions. In other words, the subjects who strongly
identified with their in-group contributed more to the public good (r = .340, p = .028).
Higher accountability is also positively related to contributions, but this correlation is
not significant (contributions r = .137, p = .522).
Accountability and identification are equal among the treatments. T-tests were used

for the parametric data.

Japan

Among all of the treatments, neither identification with the in-group nor
accountability correlated significantly with contributions (identification: r = 1.02, p
=.402, accountability r = -.018, p = .899). T-tests show a difference in identification
among the treatments: In R3, identification was significantly higher than in R1 and R2
(R1-R3 t=-2.525, p=.009, R2-R3 t =-1.835, p =.073).

Analysis of the chat data from the first chat’

The chat data was descriptively analyzed to see if the differences in our
treatments and between the two countries could be explained. The chat data may
provide clues about why the treatments in Japan showed smaller differences than
those in Spain.

The chat data was analyzed using a very basic categorization scheme. First,

the data from each discussion was categorized in terms of whether or not the subjects

? The second chat is not analyzed in this paper, as it is not necessary for answering the research
questions posed here. This will be done in another paper (Iida and Schwieren, in progress).
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discussed a playing strategy. A strategy discussion is one in which some reference is
made to “what to do in the game.” This implies that, even in the R1 treatment, in
which the subjects did not know the exact rules of the game, they could have
discussed strategy, if only in very general terms.

Second, the data is categorized in terms of whether or not the group reached
agreement about a specific strategy to follow. Again, the analysis is very simple: if, at
the end of a discussion, each subject says, “ok, I agree” or something similar, it is
categorized as “agreement.” If the discussion continues or is stopped without such an
explicit agreement, it is categorized as “no agreement.”

Finally, the primary strategy that is discussed or agreed upon is categorized as
cooperative, non-cooperative, or “no clear opinion” (if many suggestions are made
but no agreement is reached). A strategy was cooperative if the subjects planned to
cooperate and then react to what the others did, but was non-cooperative if the
subjects planned to free-ride and then react to what the others did, even becoming
cooperative if the others cooperated.

Because these were simple and clear categories, we did not do the
categorization ourselves, but used hypothesis-blind raters.

Our first category already revealed a striking difference between the Japanese
and Spanish subjects. In the R1-treatment, where the specific rules of the game were
not initially known, 50% of the Spanish subjects discussed some form of strategy,
while none of the Japanese subjects did. None of the subjects had been given
instructions, so they could not discuss the details of any strategy, but the Spanish chat
protocols contained comments such as “whether or not it’s about cooperation, let’s
cooperate, ok?” Therefore, applying the other two categories to the Spanish data, one-
third of the R1 groups showed agreement on a general strategy.

In the R2 treatment, both the Japanese and Spanish subjects discussed strategy
because they were explicitly requested to do so. Still, the Japanese and Spanish
subjects again differed in the same way. While 100% of the Spanish subjects
discussed a strategy, only 59.3% of the Japanese subjects did. Of those who discussed
a strategy, 41.7% of the Spanish subjects, but only 6.25% of the Japanese subjects,
came to an agreement within 5 minutes of the start of chatting. Therefore, in terms of
the results of the discussion, the two countries show a smaller difference, which might
explain why the two countries are similar in behaviour but different in terms of the
degree of the difference.

In the R3 treatment, 100% of the Spanish subjects and 62.5% of the Japanese
subjects discussed strategy. 58.3% of the Spanish groups and 20% of the Japanese
groups reached agreement on a specific strategy.

In all of the treatments, of those who did discuss a strategy, 53.33% of those in
Spain but only 29.03% of those in Japan tended to cooperate. The latter, however, is
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not because more of the Japanese subjects tended to free-ride (13.33% in Spain vs.
6.45% in Japan), but because to a larger extent, the Japanese subjects showed no clear
tendency (33.33% in Spain vs. 64.52% in Japan). Of those groups that reached
agreement, 75% in Japan and 87.5% in Spain voted for a cooperative strategy (25%

(one group) in Japan agreed on disagreement) about the strategy.

How can we relate this to our behavioural results?

First, as has been said before, the focus on discussing and agreeing upon a
strategy is much stronger in Spain than in Japan. The difference between Japan and
Spain in terms of discussing strategy and reaching an agreement is highly significant
(Chi-Square tests: for discussion of strategy, Chi-Square = 12.834, p = .000; for
agreement, Chi-Square = 12.800, p = .000). This could explain the generally smaller
difference in Japan.

Second, if the subjects discussed a strategy, they generally tended to focus on
cooperative strategies, especially in the R2 and R3 treatments®. This was true in both
Japan and Spain. Also, in both countries, the contributions in the first period were
significantly higher when strategy had been discussed (t = -3.055, p = .003) and
marginally significantly higher when agreement had been reached (t = -1.641, p
=.100).

Discussion

This study focused on answering two questions: First, is there a general
difference in a decision made as an individual and a decision made as a group
representative in a social dilemma game, as some psychology literature indicates?
Second, what is the basis of this difference? More precisely, the study examined the
effect of in-group identification and social norm compliance regarding this difference.

The basic hypothesis—being a group representative has an effect—was
confirmed, but the effect is not simple. In this study, the subjects acting as group
representatives contributed less than the individual subjects (Baseline) when they are
not given an opportunity to discuss their strategy with their constituency. However,
when they were given an opportunity to discuss their strategy, they contributed nearly
the same amount as in the Baseline treatment. Furthermore, when they had a chance
to discuss the strategy before and after making a decision, they contributed even more
than did those in the Baseline treatment. The moderating factors were a sense of

accountability and identification with the in-group, which had, at least in Spain, a

“In R1, the majority of the groups didn’t discuss strategy, and only one-third of those who did were
able to come to an agreement. Those who did discuss strategy and come to an agreement tended to
cooperate, but as the game was not known, this is less clear and the level of commitment was probably
much lower.

222 / 304



small positive effect on contributions. Furthermore, contributions were higher when
the groups agreed on a strategy.

These findings seem to be partially at odds with the results reported by Pinter
et al., (2007), who found that accountable leaders were less cooperative, while
unaccountable leaders were as cooperative as individuals. A closer look at their
findings, however, shows that their model can explain our results. Pinter et al., (2007),
listed five possible reasons why group decisions are usually more competitive than
individual decisions.

*  The social-support-for-shared-self-interest hypothesis assumes that groups can
provide social support for selfish-competitive behaviour against an out-group.

» Schema-based distrust or fear is the hypothesis that groups are expected to be
competitive towards other groups and therefore trust is lower in inter-group
contact than in inter-individual contact.

» The identifiability hypothesis states that people as group members have a
certain level of anonymity that allows them to act more selfishly.

»  The in-group favouring norm hypothesis is based on the idea that group
membership implies a normative pressure to act in the interests of the in-group.

»  The altruistic rationalization hypothesis suggests that inter-group contexts
allow people to rationalize selfish behaviour as being altruistic for the group.

In their study, group leaders acted more competitively than individuals, but
only when they were accountable. In their experiment, accountable leaders believed
that their in-group members would learn about their behaviour, while non-accountable
leaders knew that in-group members would not learn of the leader’s decisions even
after the experiment. In this study, the leaders and group members did not
communicate. In their first study, communication was not “democratic” in the sense
that the members of the leader’s group were only supposed to make comments and it
was clear that the leader would decide. Moreover, the leaders of the groups that
together played the PD game also communicated.

As noted earlier, Pinter et al., (2007), did find accountable leaders to be more
competitive, in contrast to our “most accountable” (R3) representatives, which were
more cooperative than the individuals.

An important point in our experiments, however, allows us to explain our
results in terms of their model: In our basic representative treatment, we replicated the
findings of Pinter et al., i.e., representatives are more competitive than individuals. In
our understanding of accountability, our R1 treatment was the least accountable.
Looking at the main accountability manipulation of Pinter et al., however, shows that,
in their terms, our R1 representatives were highly accountable, as they and their in-

group members knew that everybody would learn of their actions and that the
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payments to all of the group members depended on those actions. Therefore, the
representatives acted in the same way as those in the study by Pinter et al., i.e., they
assumed that the group morality, as Pinter at al. called it, is the salient norm and
behave selfishly. If, however, the representatives in our R2 and R3 treatments learned
that the in-group had achieved a consensus that cooperation is the right behaviour,
then the representatives behaved less selfishly than did the individuals because they
were following the “norm” established by their groups. Our chat data shows social
support for cooperative strategy, not a competitive strategy. Even though we found
some evidence for distrust of the out-group in our chat data, the fact that the game
was played over multiple periods usually allowed the groups to agree upon at least
cooperative attempts in the first rounds. Unfortunately, Pinter et al., do not report
exactly what was discussed during the chat stage, but they do report that the
representatives who were not allowed to chat believed that their in-groups favoured a
competitive strategy and were just as likely as our R1 representatives to believe so.

Therefore, our results with respect to the comparison of the Baseline treatment
with R1 and R2 can be explained in terms of the model used by Pinter et al., (2007).

Still open to explain is why the representatives in R3 became even more
cooperative than the individuals. Compliance with group norms might have played a
role here, too. As we hypothesized, having a second chat after the game has been
played might enhance feelings of accountability or the need to comply with in-group
norms. As the in-group norms in our case seem to be rather cooperative, however, it is
only logical for the representatives to act more cooperatively when the pressure to
follow group norms increases. Furthermore, in R3 we had even more agreements
upon strategy, and most groups agreed upon a cooperative strategy.

A focus on agreement upon a strategy and its consequences can also explain
why the effects in our treatments were weaker in Japan, as far fewer groups in Japan
discussed strategy and even fewer groups reached agreement. In this case, the
representatives could act like individuals, as they knew that, even if they wanted to do,
they could not comply with an in-group norm, as there was no clear normative
statement by their in-group. Therefore, they could only decide as individuals, perhaps
influenced by societal norms on proper decision-making in such a situation. Buchan et
al. (2003) and Heine and Lehman (1997) showed that in-group bias and out-group
distrust based on arbitrary categorizations was weaker in Asia than in North America.
This might be one reason why the Japanese representatives in the R1 treatment were
not much less cooperative than the individual negotiators. A report on low generalized
trust by Yamagishi and Yamagishi (1994) seems to contradict that, but, our subjects
were all students of the same university, and that joint categorization might have
overridden the artificial in-group/out-group categorization that worked so well in

Spain.
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Our Japanese results contrast with those reported by Takemura and Yuki
(2007), who replicated the inter-individual/inter-group discontinuity experiments
conducted by Insko et al., (e.g., 1990, 1994), in Japan. They found discontinuity in the
fact that groups are more competitive than individuals. In their experiment, however,
the groups were required to reach a consensus, which they also always did — within 15
seconds. This is in sharp contrast to our results, which show that the Japanese groups
seldom reached an agreement within 5 minutes. It isn’t surprising that the Japanese
subjects of our experiment, in which they were not requested to reach a consensus,
weren’t keen to discuss their strategy. Many Japanese people hesitate to give their
opinion and rather evade a serious discussion unless they are required to do so.” The
request from the experimenter to reach a consensus in Takemura and Yuki (2007)
made subjects feel responsible and exerted strong pressure on them to overcome that
hesitation. Because subjects of our experiment rarely reach a collective decision, the
decisions of the representatives are mainly based on their individual thoughts. This is
the reason why the differences between the decisions of the representatives and
individuals are not that large.

To summarize, we can now answer our two research questions: Being a group
representative does influence decision-making in a social dilemma game. When the
representatives cannot discuss their behaviour with their constituency, they make
decisions based on general group-norms. At least in our Spanish sample, they assume
that competitiveness is the appropriate behaviour. This might stem from the fact that
people in general seem to believe that inter-group relationships are more competitive
than inter-individual relationships and they experience more competitive inter-group
interactions than inter-individual interactions (Hoyle et al., 1989, Pemberton et al.,
1996). If representatives come to an agreement about their strategy with their in-group,
they closely follow the norms set by their group members. The more they identify
with their in-group, the more they feel accountable for their decisions. These results
indicate that negotiations by representatives do differ from negotiations by individuals,
and that representatives in general follow the norms set by their constituencies. In
inter-group contexts, the representatives seem to believe that inter-group contexts are
competitive. This is in line with the general assumptions held by western societies
(but not by Japan). If consultations with their in-groups do not confirms this
assumption, they might behave even more cooperatively than individuals do, even
more so if they have a very strong commitment to their group.

Our experiments provided a very limited context for negotiations by

> As members of a collectivist culture, Japanese wish to maintain harmony between group members,
keep disagreements covert, and allow all members to save face. For that reason, to achieve a collective
decision, a practice called nemawashi is common in Japan. Nemawashi is an informal, separate
discussion with each individual involved in a decision to resolve objections before a proposal is
formally discussed in a meeting. (March, 1990).
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representatives, a context that deviates in many ways from real-world situations. First,
our representatives were randomly assigned and didn’t know that they are going to be
representatives when they discussed strategy with their groups. Second, negotiating
badly for their group had no further negative consequences for them in terms of re-
election or something similar. Future research should extend the experimental
paradigm towards situations in which representatives can be held accountable in ways
stronger than just “cheap talk” and observation, and representatives should be selected
by their groups. Furthermore, to better understand the differences seen between
Japanese and Spanish subjects, the experiment should be replicated in a truly
individualistic country — even though recent research has shed doubts on this
categorization by showing that Northern Americans do not differ much from Asians
in terms of group orientations (Oyserman et al., 2002, Buchan et al., 2003, Takemura
and Yuki, 2007). It would be necessary to very carefully select the country in which
to run the experiment and the situations in which to place the subjects in terms of in-
group/out-group categorizations and prevailing societal norms for behaviour in social
dilemma situations.

From this first attempt to systematically study differences in decision-making
and negotiation behaviour between group representatives and individuals, we can
conclude that there are, indeed, important differences unlike those in the behaviours
of interacting groups and individuals. As negotiations by representatives are very
common, further research should be conducted to better understand the determinants

of behaviour in such situations.
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Graphs

Figure 1: Average Contributions in Spain
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Appendix I - Instructions

Dear Participant,
Thank you for participating in this experiment in decision-making.
INSTRUCTIONS

This is an experiment in decision-making. You will be paid for your
participation. The amount of money you earn will depend on the decisions made by
you and the other decision-makers.

At no point in the experiment will you be asked to reveal your identity to
anyone. Your name will never be associated with your decisions. To keep your
decisions confidential, please do not reveal them to any of the other participants.

At this moment, we will give you 3 euros (*500 Yen in Japan) for being on
time. All of the money that you earn from now on will be yours, and your earnings
will be paid to you in cash at the end of today’s experiment.

THIS EXPERIMENT

In this experiment, you will be in a group of three people. In the first stage of the
experiment, you will have time to meet the members of your group and talk to them
via a messenger program for five minutes. In the computer screen you will see soon,
you can type any question or comment that you would like to make to the other
members of your group.

In the second stage of the experiment, a representative from your group will play an
interactive game with representatives from the other groups in the experiment. You
may or may not be chosen to represent your group. If you have been chosen to
represent your group will be shown to you on the screen. Before the first stage starts,
you will be given the instructions for the game in the second stage.

(In the last stage of the experiment, you will again meet the members via Messenger
for five minutes.) *This is used only in the R3 treatment

Some general advice before the experiment begins:

If you have any questions during the experiment, please raise your hand and wait until
the experimenter comes to your table.

Do not communicate with any of the other participants except when the experimenter

asks you to do so.

Payment will be based on your performance during the experiment. It will be paid to
you privately and in cash after the experiment has concluded.

Do you have any questions?

(Move to the instructions for the second part)
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INSTRUCTIONS FOR THE SECOND PART

During the second part, a representative from your group interacts with
representatives from the other groups in the room. The screen will indicate whether or
not you have been randomly selected to represent your group.

If you have been selected to represent your group, you will interact later with
representatives from the other groups.

If you have not been selected to represent your group, you will be asked to complete a
short questionnaire.

The representatives will play 10 rounds. Only after these 10 rounds have been
completed will you be told the outcome of their play.

New representatives will then be selected to play another 10 rounds following the
same rules.

You and your group members will receive payments based on the decisions taken by
the representatives of the groups during the experiment.

INSTRUCTIONS FOR REPRESENTATIVES

You have been selected to represent your group. You will now interact with
representatives from the other two groups in the laboratory.

You and your group members will receive payments based on the decisions you make
in your interaction with the other representatives. You will interact for 10 rounds and
make 10 decisions. The structure of the interaction is as follows:

You will be asked to make a series of decisions about how to allocate a set of
tokens. You interact with the representatives of the other two groups in this lab. You
will not be told the identities of the others with whom you will interact.

For each decision, you will have 5 tokens to allocate. You must decide how
many of these tokens you wish to invest in project A and how many you wish to
invest in project B. The amount of money you earn depends on how many tokens you
invest in project A, how many you invest in project B, and on how many the other
representatives invest in project B.

EXAMPLE OF DECISIONS THAT YOU WILL MAKE IN THIS EXPERIMENT
Each decision that you make will be similar to the following:

Example: Each of the three representatives has 5 tokens to allocate. You (and your
group) will earn 1 cent for each token that you invest in project A. For each token that
you invest in project B, you (and your group) will earn 0.75 cents and the other
representatives (and their groups) will earn 0.75 cents (a total of 2.25 cents for all of
you together).

For each token that the other representatives invest in project A, their
respective group will earn 1 cent. For each token that the other representatives invest
in project B, this representative and associated group will earn 0.75 cents and you and
your group will earn 0.75 cents (a total of 2.25 cents for all of you together).

In summary, you (and your group) will earn:

1 cent multiplied by the number of tokens you invest in project A
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+0.75 cents multiplied by the number of tokens that you invest in
project B

+0.75 cents multiplied by the number of tokens that the other
representatives invest in project B

Any amount you earn now, as a group representative, will be divided equally among
you and the other members of your group.

The cents in this experiment are converted into €/Yen in the following manner: 1 cent
=0.02 €/3 Yen.

If you have any questions now, please ask the experimenter. If you have no questions
and we can start, please press “ok.”

(* test starts)
(* chat starts)
(* PG game starts)

Appendix II - Questionnaires

Identification
1) I have positive feelings towards my team members
2) I have confidence in my team members
3) I feel comfortable depending on my team members
4) I think the other team members performed well
5) I think that, generally speaking, I have more in common with the members of this
team than with the members of the other teams

6) I trust all of the members of my team equally well
Answers to the identification questions were based on a 6-point Likert scale.

Accountability
7) I feel accountable for my actions in this experiment.
8) I feel that my group members hold me accountable for my decisions.
9) If things don't go the way they should, my group members will be angry with me.
10) If things go well, my group members will be happy with me.
11) The success of my group members depends on me.
12) I feel that 1 would like to be able to explain why I did certain things in this
experiment.

13) Overall, my efforts in this experiment were very important.

Answers to the accountability questions were based on an 8-point Likert scale.
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Abstract

We study the problem of hiring a team of selfish agents to perform a task. Each agent is assumed to own
one or more elements of a set system, and the auctioneer is trying to purchase a feasible solution by conducting
an auction. For instance, in the well-studied case of path auctions, each agent owns one or more edges of a
graph, and the auctioneer is trying to buy an s-t path from a source node to a terminal node. The area of truthful
mechanism design deals with designing the auction mechanism such that it is in the agents’ best interest to
reveal their true cost for each element. However, a second concern has so far not been considered for this type of
auctions: agents may not reveal ownership of all their elements, and instead pretend to be different entities if it
benefits them financially. Such manipulations are called “false-name bids”, and have only recently been studied
in the context of combinatorial auctions by Yokoo et al.

In this paper, we study false-name manipulations in a scenario in which even the set system may not be
completely known to the auctioneer. More precisely, an agent can pretend that an element is in fact a set of
multiple elements, all of which must be purchased from different owners. This type of manipulations has not
been considered in the context of false-name-proof combinatorial procurement auctions, which are similar to the
auctions for hiring a team.

We first propose and analyze a false-name-proof mechanism for the special cases where each agent owns
only one element in reality. We prove that its frugality ratio is bounded by n2", which nearly matches a lower
bound of Q(2") for all false-name-proof mechanisms in this scenario. We then propose a second mechanism.
It requires the auctioneer to choose a reserve cost a priori, and thus does not always purchase a solution. In
return, it is false-name-proof for general cases where an agent may have multiple elements. Also, the sum of
the payments never exceeds the reserve cost. Since its frugality ratio depends on the reserve cost set by the
auctioneer, we experimentally evaluate the payment (as well as social surplus) of the second mechanism through
simulation.

1 Introduction

One of the important challenges of electronic commerce, in particular in large-scale settings such as the Internet,
is to design protocols for dealing with parties having diverse and selfish interests. Frequently, one of the most
convenient ways of structuring these interactions is via auctions: based on bids submitted by the participants,
the auctioneer chooses whom to sell items to or purchase them from, and decides on appropriate payments. The
analytical study of auctions for e-commerce has recently led to very fruitful interactions between the fields of
economics, game theory, theoretical computer science and artificial intelligence.

While single-item auctions have a long history of study in economics (see, e.g., [15, 16]), the problem is signif-
icantly more complex when there are combinatorial dependencies between items. In a combinatorial auction [27],
the auctioneer has a set of items for sale, and agents submit bids for different subsets. Each item can only be
assigned to one agent. In the problem of hiring a team of agents [2, 10, 30], the auctioneer needs to hire a team
of agents to perform a complex task. The auctioneer knows which subsets of agents can perform the task together,

*Department of ISEE, Kyushu University, {iwasaki@, saito@agent, yokoo@ }is.kyushu-u.ac.jp
Department of Computer Science, University of Southern California, {dkempe, salek} @usc.edu
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and must select such a feasible set based on bids by the agents, without knowing their true incurred costs. A special
case of this general class that has received particularly detailed study is that of a path auction (2, 8, 14, 22]: the
agents own edges of a known graph, and the auctioneer wants to purchase an s-¢ path.

In designing auctions for hiring a team, it is important to keep in mind that selfish agents will take whichever
action benefits them most. This includes misrepresenting their incurred cost or their identity. From the auctioneer’s
perspective, it is desirable that selfish agents have an incentive to comply with the auction. The area of designing
such auctions is known as mechanism design [19, 22, 24]. In particular, there has been a lot of recent focus on the
design of truthful auctions, in which it is in the agents’ best interest to reveal their true costs to the auctioneer. By
the revelation principle [19], truthfulness is without loss of generality equivalent to having dominant strategies.

While the concept of truthfulness addresses the case that agents may misrepresent their true costs, there is
a second way in which agents could selfishly cheat: an agent owning multiple elements of a set system (such
as multiple edges in a graph) may choose different identities for interacting with the auctioneer, to obtain higher
payments. Similarly, an agent owning one element may be able to pretend that this element is in fact a set of multiple
elements, owned by different agents, to obtain payments for all of these “pseudo-agents”. Such behavior is called
false-name manipulation, and was recently studied by Yokoo et al. in the context of combinatorial auctions [34, 35],
where it was shown that for any Pareto efficient auction, agents can profit by submitting bids as two identities.

1.1 Our contributions

In this paper, we introduce a model of false-name manipulation in auctions for hiring a team, such as s-t¢ path
auctions. In this model, the set system structure and element ownership are not completely known to the auctioneer.
Thus, in order to increase profit, an agent who owns an element can pretend that the element is in fact a set consisting
of multiple elements owned by different agents. Similarly, an agent owning multiple elements can submit bids for
these elements under different identities. We call a mechanism false-name-proof if it is truthful, and a dominant
strategy is for each agent to reveal ownership of all elements.

Our first main contribution is a false-name-proof mechanism MP for the special case, in which each agent owns
exactly one element. This mechanism introduces an exponential multiplicative penalty against sets in the number
of participating agents. We analyze its frugality ratio according to the definition of Karlin et al. [14], and show that
its frugality ratio is at most 22" for all set systems of n elements. While this exponential frugality ratio of MP may
appear bad, we also prove that every false-name-proof mechanism must have a frugality ratio of 2(2") in the worst
case. Thus, the MP mechanism is optimal up to a factor of n. These results are discussed in Section 3.

For the general case, in which agents may own multiple elements, we present another false-name-proof mech-
anism AP in Section 4. As opposed to the MP, it requires the auctioneer to choose a reserve cost r a priori and
imposes an additive penalty increasing in the number of agents in the chosen solution. Thus, it will not purchase a
solution unless there is a solution whose cost (including the penalty) is at most r. In return, It is false-name-proof
without any assumptions on element ownership. Also, it is guaranteed that the sum of the payments never exceeds
the reserve cost. This means that the frugality ratio of this mechanism depends on the reserve cost. We investigate
the AP mechanism experimentally for s-¢ path auctions on random graphs in Section 5. The results show that the
AP provides social surplus not too far from a Pareto-efficient one at an appropriate reserve cost. Also, the payments
of the AP is smaller than the Vickrey-Clarke-Groves (VCG) mechanism when the reserve cost is small, while it
becomes higher than the VCG when the reserve cost is high. However, the payment never exceeds the reserve cost.

1.2 Related Work

Motivated by the need to deal with selfish users, there has been a large body of recent work at the intersection of
game theory, economic theory and theoretical computer science (see, e.g., [20, 24]). For instance, the seminal paper
of Nisan and Ronen [22], which introduced mechanism design to the theoretical computer science community,
studied the tradeoffs between agents’ incentives and computational complexity. The loss of efficiency in network
games due to selfish user behavior has been studied in the contexts of the “price of anarchy” (see, e.g., [24, 26]),
and the “price of stability” (see [1]).

237 / 304



The problem of hiring a team of agents in complex settings, at minimum total cost, has been shown to have many
practical economic applications (see [9, 23, 18, 21] for examples). In particular, the path auction problem has been
the subject of a significant amount of prior research. The traditional economics approach to payment minimization
(or profit maximization) is to construct the optimal Bayesian auction given the prior distributions from which
agents’ private values are drawn. Indeed, path auctions and similar problems have been studied recently from the
Bayesian perspective in [8, 6]. Here, we instead follow the approach pioneered by Archer, Tardos, Talwar and
others [2, 4, 14, 30], and study the problem from a worst-case perspective. Significant insight can be gained from
an understanding of worst-case performance, and it enables an uninformed or only partially informed auctioneer to
evaluate the trade-off between an auction tailored to assumptions about bidder valuations (which may or may not be
correct) versus an auction designed to work as well as possible under unknown and worst-case market conditions.

If the sole goal of the auctioneer is truthfulness, and false-name bids are not a concern, then it has long been
known that the VCG mechanism [31, 5, 11] gives a truthful mechanism and identifies the Pareto optimal solution.
It is based on Vickrey’s classical Second-Price Auction [31], which is truthful for single-item auctions. As shown
in past work (see, e.g., [2]), the payments of the VCG mechanism can be significantly higher than the cheapest
alternative solution. Based on this observation, several papers [2, 8, 14, 30] have investigated the frugality of
mechanisms, the overpayment compared to a natural lower bound. In particular, [14] presents a mechanism called
the v mechanism achieving frugality ratio within a constant factor of optimal for s-¢ path auctions in graphs.
Traditionally, for “hiring a team” auctions, incentive compatibility has only been associated with making revelation
of true costs a dominant strategy for each bidder.

In this paper, we extend the notion to false-name-proof mechanisms by requiring agents to truthfully reveal
ownership of all their elements as well. As in the case of strategy-proof mechanisms, the revelation principle holds
for false-name-proof mechanisms [35]. While VCG is truthful and Pareto efficient in the traditional model, it is
not false-name-proof and cannot guarantee a Pareto efficient solution in the presence of false-name bids. Yokoo et
al. [13, 28, 29, 33, 34] developed several false-name-proof mechanisms for various special cases of combinatorial
auctions and combinatorial procurement auctions.

Combinatorial procurement auctions are quite similar to the auctions for hiring a team. There exists a set
of tasks to be assigned to agents (service providers). If we assume an element (in our model) as a certain
skill/capability to perform a task, we can model an auction for hiring a team as one instance of combinatorial
procurement auctions.! However, in a combinatorial procurement auction, we usually assume that the auctioneer
has a predefined set of tasks, where each task cannot be divided into smaller subtasks. However, in our model,
we assume an agent can self-divide, i.e., divide an element into smaller sub-elements. Therefore, we cannot ap-
ply false-name-proof combinatorial procurement auction mechanisms presented in [28, 29]. Even if we consider
identifier splitting only, the mechanism presented in [28] requires that the utility of the auctioneer be additive, i.e.,
the sum of the utilities of sub-tasks performed by agents. This is not true in path auctions, where the preference of
the auctioneer is all-or-nothing, i.e., if the auctioneer fails to buy a single link in a path, the rest of the links in the
path are useless. [29] presents a mechanism that can be used when the preference of the auctioneer is not additive.
However, the assumption in this mechanism is that the auctioneer can perform each sub-task with a certain cost by
himself. In our scenario, this would imply that the auctioneer owns a parallel edge for each edge in the graph.

For the specific case of path auctions, the impact of false-name bids was recently studied by Du et al. [7].
They studied the model in which agents can own multiple edges, and showed that there is no false-name-proof and
efficient mechanism. Furthermore, they show that if bids are anonymous, i.e., agents do not report any identity for
edge ownership, then no mechanism can be strategy-proof. Notice that this does not preclude false-name-proof and
truthful mechanisms in which the auctioneer takes ownership of multiple edge by the same agent into account, and
rewards the agent accordingly.

The problems in the design of incentive-compatible mechanisms caused by unknown domains have also been
studied in the context of combinatorial auctions by Babaioff et al. [3]. Among others, they show that useful mono-
tonicity characterizations of incentive compatible mechanisms can break down in the case of unknown domains for
individual agents.

! Another difference is that in a combinatorial procurement auction, we usually assume more complex utility functions of the auction-
eer/agents, e.g., the utility of the auctioneer can be positive even if only a part of the tasks is assigned.
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2 Preliminaries

We begin by defining formally the framework for auctions to hire a team. Our framework is based on that of
[2, 4, 14, 30]. We have a set system (E, F, A), specified by a set E of n elements, a collection F C 2 of feasible
sets, a partition A of F, whose element is a subset of F. For instance, in the important special case of an s-¢ path
auction, S € F if and only if S is an s-? path.

In previous work on “hiring a team” auctions, each element e was associated with a different selfish agent.
Here, we depart from this assumption, in that an agent may own multiple elements. We use A* € A to denote the
set of elements owned by agent 7. We call ¢ the owner of e, and denote it by 7 = o(e). Each element e has an
associated cost c., the true cost that its owner will incur if it is selected by the mechanism.? This cost is private,
i.e., known only to the agent o(e). An auction consists of two steps:

1. Each agent 7 submits sealed bids (b., 6(e)) for elements e, where é(e) denotes the identifier of e’s purported
owner (which need not be the actual owner).

2. Based on the bids, the auctioneer selects a feasible set S* € F as the winner, and computes a payment p;
for each agent 7 with an element e such that i = o(e). We say that the elements e € S* win, and all other
elements lose.

The profit of an agent i is the sum of all payments it receives, minus the incurred cost ¢(S* N A*). We assume
that both the selection rule and the algorithm for computing payments are common knowledge among the agents.
The agents will exploit this knowledge to choose an action maximizing their own profit. In particular, this may
include misrepresenting the cost of elements, or misrepresenting ownership. However, we assume that agents do
not collude. Past work on incentive compatible mechanisms has focused on truthful mechanisms. That is, the
assumption was that each agent ¢ submits bids only for elements e € A’ she actually owns, and reports correct
ownership o(e) = i for all of them. In that case, a mechanism is truthful by definition if for any fixed vector b~ of
bids by all agents other than 4, it is in agents ¢’s best interest to bid b, = ¢, for all e € A?, i.e., agent e’s profit is
maximized by bidding b, = ¢, for all these elements e.

In this paper, we extend the study of truthful mechanisms to take into account false-name manipulation: agents
claiming ownership of non-existent elements or choosing not to disclose ownership of elements. Specifically, we
focus on two types of false-name manipulation: identifier splitting and self-division.

Identifier Splitting is the most natural form of false-name bidding on the part of an agent, and the one stud-
ied in the past for combinatorial auctions, by Yokoo et al. [34, 35]. The notion of self-division is motivated by
graph-theoretic problems (such as shortest paths), when there is uncertainty on the part of the auctioneer about the
underlying set system.

Definition 1 (Identifier Splitting) An agent i owning a set A* may choose to use different identifiers in her bid for
some or all of the elements. Formally, the set system (E., F, A) is replaced by (E,F, A"), where A =4 \ {4} U
{A"Y U {A"}, where A" = A" U A

Definition 2 (Self-Division) An agent ¢ owning element ¢ is said to self-divide e if e is replaced by two elements e,
and ey. Formally, the set system (E, F, A) is replaced by (E', F', A"), whose elements are E' = E\{e}U{e1,es},
such that the feasible sets F' are exactly those sets S not containing e, as well as sets S\ {e} U {ey,es} for all
feasible sets S € F containing e.

Intuitively, self-division allows an agent to pretend that multiple distinct agents are involved in doing the work
of element e, and that each of them must be paid separately. Thus, for self-division to be useful, it will always
be combined with identifier splitting. Notice that for self-division to be a threat, there must be uncertainty on the
part of the auctioneer about the true set system (E, F, A). In both identifier splitting and self-division, we will
sometimes refer to the new agents 7’ whose existence 7 invents as pseudo-agents.

?For costs, bids, etc., we extend the notation by writing ¢(S) = D ees Ceand b(S) = >~ .o be, etc.
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In this paper, we investigate mechanisms that are false-name-proof. In a false-name-proof mechanism, it is
a dominant strategy for each agent i to simply report the pair (c.,7) as a bid for each element e € A’. Thus,
neither identifier splitting, nor self-division nor bids b, # ¢, can increase the agent’s profit. Among other things,
this allows us to use b, and ¢, interchangeably when discussing false-name-proof mechanisms. Notice that we
explicitly define the concept of false-name-proof mechanisms to imply that the mechanism is also truthful when
each agent 7 owns only one element.

In discussing mechanisms that are false-name-proof against identifier splitting and self-division, notice that it
is meaningless to talk about a false-name-proof mechanism for an individual set system, as the auctioneer does
not know a priori what the set system is. Hence, we define classes of set systems susceptible to the false-name
manipulations, as the candidate classes on which mechanisms must operate.

Definition 3 For two set systems (E, F, A) and (E', F'. A"), we say (E', F', A') is reachable from (E,F,A) by
false-name manipulation if (E', F', A') is obtained by (repeatedly) applying identifier-splitting and self-division.

Definition 4 A class C of set systems is susceptible to false-name manipulation iff for each set system (E,F, A) in
the class, any set system (E', F', A"), which is reachable from (E,F,A) by false-name manipulations, is also in
class C.

Notice that s-¢ path auction set systems are susceptible to false-name manipulations that include self-division,
whereas minimum spanning tree set systems are not. This is because if an agent uses self-division, feasible sets
will change. On the other hand, minimum Steiner tree set systems with a fixed set of terminals are susceptible to
false-name manipulation.

2.1 Efficiency and Frugality

In designing and analyzing a mechanism for hiring a team, there are several other desirable properties besides being
false-name-proof (or at least truthful). Two particularly important ones are efficiency and frugality.

A mechanism is Pareto efficient if it always maximizes the sum of all participants’ utilities (including that of the
auctioneer). This maximizes social surplus. In the case of hiring a team, the auctioneer’s utility is exactly — >, p;,
the negative of the sum of all payments. Hence, all payments cancel out, and a mechanism is Pareto efficient if
and only if it always purchases the cheapest team or s-t path. While it is well known that the VCG mechanism
is truthful and Pareto efficient [31, 5, 11], Du et al. [7] show that there is no Pareto efficient and false-name-proof
mechanism, even for s-¢ path auctions. Yokoo et al. [35] showed the same for combinatorial auctions.

While Pareto efficient mechanisms maximize social welfare, an auctioneer is frequently more interested in
minimizing his payments. The two are not equivalent, for instance by Karlin et al. [14], the Pareto efficient VCG
mechanism can overpay significantly compared to other mechanisms for some set systems. In order to analyze the
overpayments of false-name-proof mechanisms, we use the definition of frugality ratio from [14]. The idea of the
frugality ratio is to compare the payments to a “natural” lower bound, generalizing the idea of the second lowest
cost (it is easy to observe that no meaningful ratio is possible when comparing to the actual lowest cost).

Definition 5 Let (E, F, A) be a set system, and S the cheapest feasible set with respect to the true costs c. (where
ties are broken lexicographically). For any vector of actual costs ¢ for elements, we define v(c) to be the solution
to the following optimization problem.

Minimize ) g be subject to

(1) be > ce foralle

(2) B(S\T) < c(T\S) foral T € F

(3) Foreverye € S, thereisaT, € F suchthat e ¢ T, and b(S\ T,) = (T, \ 5)

This definition essentially captures the payments in a “cheapest Nash Equilibrium” of a first-price auction —
with the caveat that first-price auctions frequently do not have Nash Equilibria [12]. Using the quantity v(c), we
define the frugality ratio of a mechanism.
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Definition 6 The frugality of a mechanism M for a set system (E, F, A) is

_ pmle)
$m = sup, e
i.e., the worst case, over all cost vectors ¢, of the overpayment compared to the “first-price” payments. Here,
pat(c) denotes the total payments made by M when the cost vector is c.

3 A Multiplicative Penalty Mechanism

In this section, we focus on a mechanism MP with multiplicative penalties, for arbitrary “hiring a team” instances.
The MP mechanism always buys a solution, and it is false-name-proof; it requires that each agent own one element
only.> We analyze the frugality ratio of MP for arbitrary instances, and prove that it is O(n2"), nearly matching a
lower bound of Q(2") for any false-name-proof mechanism.

3.1 The Mechanism MP

The mechanism MP is based on exponential multiplicative penalties. It is false-name-proof for arbitrary classes
of set systems susceptible to false-name manipulation, so long as each agent only owns one element. We will
therefore identify elements e with agents. In the rest of this section, we will abbreviate a set system (E, F, A) as
(E,F). Since we assume each agent owns exactly one element, A is automatically determined by FE. After the
agents submit bids b, for elements, the mechanism MP chooses the set S* minimizing b(S) - 215/~ among all
feasible sets S € F. Each agent e € S* is then paid the threshold bid 215 “1=15"[p(S=€) — b(5* \ {e}), where S~¢
denote the best solution (with respect to the objective function b(.S) - 2151-1) among feasible sets S not containing e.

Theorem 7 For all classes of set systems susceptible to self-division, MP is false-name-proof. Furthermore, it has
frugality ratio O(n - 2"™), where n = |E|.

Proof. Because we assumed that each agent owns only one element, we can identify agents and elements. If an
agent e = eq self-divides into k& + 1 elements eg, . .., ek, then either all of the e; or none of them are included in
any feasible set S. Let 7(e) be the original threshold of agent e; so e wins with bids b, < 7(e). Since all of its k
self-division elements will always be part of the same set, we can always think of just one threshold for the agent
e: if the sum of the bids of all the new elements e; exceeds this threshold 75 (e), then e loses; otherwise, it is paid
at most (k + 1)7x(e).

This new threshold satisfies 74 (¢) < 27%7(e), from the definition of the MP mechanism. If e still wins after
self-division (otherwise, there clearly is no incentive to self-divide), the total payment to e is (k + 1)27%7(e). The
alternative of not self-dividing, and submitting a bid of 0, yields a payment of 7(e) > (k + 1)2 %7 (e). Thus,
refraining from self-division is a dominant strategy (assuming for now the possibility of false bids.)

Given that no agent will submit false-name bids, it now follows immediately from the monotonicity of the
selection rule that the mechanism is also truthful. Thus, we have established that the mechanism is incentive
compatible, and we can assume that b, = ¢, for all agents e. To prove the upper bound on the frugality ratio,
consider again any winning agent e € 5*. The threshold bid is

7(e) = minger.eer 2T 15 e(T) — (57 {e}).

The total payment is the sum of individual thresholds for the winning set S, i.e.,

ZeGS « T (e)
> cge Mingeregr 271715 e(T) — (5% \ {e})
> ese mingepegr 2171715 e(T)
2n ZGES* minTG}':egT C(T)
3In fact, the MP mechanism works even if an agent owns multiple elements, so long as all of these elements are required at the same
time. In other words, if we can consider a set of elements as a virtual single element, the MP mechanism is false-name-proof.

pmp(c)

VANVAN]
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To obtain from this upper bound on the payments the frugality ratio, we need a lower bound on the value v(c)
(see Definition 6). Let S be the cheapest solution with respect to the ¢, i.e., without regard to the sizes of the sets.
By Definition 5, v(c) = >_ 5 be, subject to the constraints of the mathematical program given. Focusing on any
fixed agent €/, we let T, denote the set from the third constraint of Definition 5, and can rewrite

v(e) = ZeeS—Te/ be + ZeeSmTef be = ZeETe/fS Ce t ZeeTemS be = (Te). (1

Since Inequality (1) holds for all €', we have proved that v(c) > maxecgs¢(T,). On the other hand we can
further bound the payments by

2" pege Minge pogr o(T)
n2" maxee s+ Minge r.egr ¢(T)
n2" maxees minTe]—':e¢T e(T)
n2" maxgcs (7).

pmp(c)

INININ A

Here, the second-to-last inequality followed because for all e € S* \ S, the minimizing set T is actually equal
to .S, and therefore cannot have larger cost than ¢(7,) for any e € S, by definition of S. Thus, the frugality ratio of
MP is

pmp(c) n2" max.eg ¢(Te)

dup = supe S S Sty - "2

3.2 An Exponential Lower Bound

An exponentially large frugality ratio is not desirable. Unfortunately, any mechanism which is false-name-proof
will have to incur such a penalty. Below, we prove a lower bound of ©(2") for all false-name-proof and truthful
mechanisms for all classes of monopoly-free set systems susceptible to false-name manipulation.

Theorem 8 Let C be any class of monopoly free set systems susceptible to false-name manipulation, and M be
any truthful and false-name-proof mechanism for C. Then, the frugality ratio of M on C is Q(2™) for set systems
with |E| = n.

Proof. Let (Fy, Fy) € C be a set system minimizing |Ey|. Consider the result of M when all agents e € Ej
bid 0. Let S* € Fj be the set winning in this case, and let ¢ € S* be arbitrary, but fixed. Because (Ey, Fp) is
monopoly free, there must be a feasible set T € Fy with e ¢ T and T ¢ S*. Among all such sets T, let T, be
the one minimizing |S* U T, and let é in T, be arbitrary. Define Z = T, U S* \ {e, é} (the “zero bidders”), and
I = Ey\ (T, U S*) (the “infinity bidders”). Consider the following bid vector: both e and é bid 1, all agents e’ € Z
bid 0, and all agents ¢’ € I bid oo . Let W be the winning set. We claim that W must contain at least one of ¢ and
é (w.l.o.g., assume that e € W). For W cannot contain any of the infinity bidders. And if it contained neither e nor
é, then W would have been a candidate for 7, with smaller |W U S*|, which would contradict the choice of 7.
We will next consider the result of self-dividing the agent e into new agents eg, . . ., er. Thus, all agents ¢’ # e

i i

stay the same, and the feasible sets are exactly those S € Fy with e ¢ S, and those S with {eg,...,ex} C S and
S\ {eo,...,ex} U{e} € Fy. Let (Fg, Fy) denote the set system resulting from k-wise self-division (for &£ > 0).
Define 7(j. k), for j = 0,...,k, to be the threshold bid under M for agent e; in the set system (FEy, F},), given
that all ¢’ € Z bid 0, all e’ € I bid oo, and all e; for 7 # j also bid 0, while é bids 1. Above, we thus showed that
1 <7(0,0) < 0.

We now show by induction on d that for all d, there exists an & < d such that

27T k) 2 S (i k + d).

The base case d = 0 is trivial. For the inductive step, assume that we have proved the statement for d. So the
inductive hypothesis gives us the existence of an & such that

24k r(ik) > Kok +d).
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Because M is truthful, the payment of an agent is exactly equal to the threshold bid, so each agent 7 is paid
7(i,k + d) in the auction on the set system (Fy4, F14) With the bids as given above. If agent i were to self-
divide into two new agents, the new set system would be (Fy 411, Fria411), and the payment of agent 7 (who is
now getting paid as two pseudo-agents 7 and 7 + 1) would be 7(i,k +d + 1) + 7(¢ + 1,k + d + 1). Because
M was assumed to be false-name-proof, it is not in the agent’s best interest to self-divide in such a way, i.e.,
T(i,k+d) >7(i,k+d+1)+7(i+ 1,k +d+ 1). Summing this inequality over all agents 7 = h,....h + k, we
obtain

Z?+ff(7k+d) > Zh““(( k4+d+1)+7(G+1,k+d+1))
= SRk d 1)+ S (i k4 d ).

Define ¢ = 0 if " F (i k +d+ 1) < Z?*fjf 7(1,k + d + 1); otherwise, let £ = 1. Then, the above
inequality implies that
StFE Gk +d) > 2Rk +d 1),

Finally, setting ' := h + £, we can combine this inequality with the induction hypothesis to obtain that
9~ (d+1) ZfZOT(Z‘, k) > Zk"% T(i,k+d+1),

which completes the inductive proof.
Applying this equation with £ = 0, we obtain that for each d > 0, there exists an h < d such that 7(h,d) <
7(0,0). Thus, in the set system (FEy, Fy), if all infinity bidders have cost co, agent h has cost just above
~47(0,0), and all other agents have cost 0, then agent é must be in the winning set, and must be paid at least 1.
But it is easy to see that in this case, (¢) = 27%7(0,0), and the frugality ratio is thus at least 2¢/7(0,0) = Q(2¢)
(since 7(0,0) is a constant independent of d). Finally, |Ey| = |Z| + |I| + d + 1, and because Z and I are constant
for our class of examples, the frugality ratio is 2~ (1Z1+/11=1) . 97 /7(0_0) = Q(2m). [

4 An Additive Penalty Mechanism with Reserve Cost

We next propose another false-name-proof mechanism AP based on additive penalties and a reserve cost. The
mechanism requires no assumption on whether agents have single or multiple elements in a set system, and we will
prove that it is false-name-proof even when each agent has multiple elements. However, the AP does not always
purchase a feasible set; it requires the auctioneer to decide on a reserve cost, and will only purchase a solution if
there is a feasible solution whose cost (including penalties) does not exceed the reserve cost.

We can interpret the reserve cost as an upper bound on the cost (including penalties) the auctioneer is willing
to pay. This is particularly reasonable if we assume that the auctioneer already has a way of performing the task
using a single agent of cost r, such as a direct path with the cost r in a network. If the bids by agents are such that
the auctioneer chooses this alternative, then none of the agents (including the auctioneer) receives positive utility.
Clearly, the right choice of the reserve cost r will be crucial for the performance of the mechanism.

4.1 The AP mechanism

The AP mechanism is based on adding to the declared costs of the agents a penalty growing in the number of
agents participating in a solution. For any set S € F, let w(.S) denote the number of (pseudo-)agents owning one
or more elements of S. We will call w(S) the widrh of the set S; notice that we are not referring to the number of
elements in S. The width-based penalty for a set S of width w is D, (w) = 2;;:1 - r. Based on the actual costs
and the penalty, we define the adjusted cost of a set S to be 3(S) = b(S) + D, (w(S)).

The AP mechanism first determines the set S* minimizing the adjusted cost 3(S), among all feasible sets

S € F. If its adjusted cost exceeds the reserve cost 7, then the AP does not purchase any set, and does not pay any
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agents. Otherwise, it chooses S*, and pays each winning agent her threshold bid with respect to 3(.S). That is, the
payments are

= { 5 4\ AY+ DS, AT <7 5104 £
Pi= 1 0, otherwise,

where S~* denotes the best solution with respect to 3(.S) such that S~* contains no elements from A?. Notice that
the set S* selected by the AP will frequently differ from that selected by VCG, as the AP takes the number of
agents in a solution into account.

Notice that if we assume the auctioneer requires an additional cost of %r for handling a team 5, then
the AP mechanism is identical to the VCG mechanism with the reserve cost 7, since the adjusted cost becomes the
true total cost (including the additional cost of the auctioneer). Thus, if we assume that there exists no false-name
manipulation, it is natural that the AP mechanism is incentive compatible since it is one instance of the VCG.

Example 9 Consider the example in Figure 1 below. Assume that the reserve cost is v = 10. If agent X does not
split identifiers, the adjusted cost of the path s-v-t is 2 (since it only involves one agent, the penalty is 0), and the
adjusted cost of the edge s-t is 8. Thus, the payment to agent X is 8.

8(Y)

(v) t
s 1(X) " 1(X)

Figure 1: An example of the AP.

If agent X instead uses two different identifiers X' and X" for the two edges, the penalty for the path s-v-t is
10/2 = 5. Thus, while the path still wins, the payment to each of X' and X" is now 8 — (1 + 5) = 2, so the total
payment to agent X via pseudo-agents is 4. In particular, agent X has no incentive to split identifiers in this case.

4.2 Analysis of AP

In this section, we prove that simply submitting the pair (b, i) for each element e € A’ is a dominant strategy for
each agent 7 under the mechanism AP. Furthermore, we prove that the payments of AP mechanism never exceed 7.
As a first step, we prove that it never increases an agent’s profit to engage in identifier splitting.

Lemma 10 Suppose that agent i owns elements A', and splits identifiers into 7', ", with sets A", A™ | such that
-/ -1 . . . . . . . . .
AY U AY = A*. Then, the profit agent i obtains after splitting is no larger than that obtained before splitting.

Proof. Let S € F' denote the winning set after agent 4 split identifiers, and S* € F the winning set before the
identifier split. Clearly, if i does not win at all after the split, i.e., $"* N A* = (), then  has no incentive to split
identifiers. Otherwise, if 7 does win after the split, then 7 must also win before the split. For the split can only
increase D, (w(S)) for all sets S containing any of 7’s elements, while not affecting D, (w(S)) for other sets. We
now distinguish two cases, based on whether the winning set changes with the split:

1. First, we consider the case when the winning set stays the same after the split, $"* = S*. Clearly, if only one
of the new pseudo-agents ', i" wins (say, '), then the payment of 7 can only decrease, as 3(S~%) < (S
(every feasible set not using elements from A’ also does not use elements from A™). So we may assume
that both ¢’ and ¢/ win, which means that the width of the winning set S’* increases by 1. Let w denote the
original width of $’*. For simplicity, we write B~ = min(r, 3(S~*)), and similarly for 4’ and ”’. Then, the
payment to ¢ before the split is

B - (b(S"™\ A') + D, (w),
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whereas the new payment after the split is

BT — (b(S"\ A") + Dy(w+1)) + B — (b(S" \ A™) + Dy (w + 1))
_ B_il i B_Z-H _ Qb(S/*) + b(SI* N Az) _ QDT(U) + ‘])

Thus, the increase in payment by identifier splitting is

B~ + B™" — BT = b(§") 4 D,(w) — 2D (w+1) = B~ 4+ B~ — BT —p(§") —r

As argued above, we have that B < B, and by definition of B *i', we also know that B~ < r. So the
increase is bounded from above by

r+ BT =BT b(8%)—r = —b(8™) < 0.

Hence, identifier splitting can only lower the payment of agent 7. Since the total cost incurred by agent 7
stays the same, this proves that there is no benefit in identifier splitting.

2. If the solution changes, S™* % S*, then we distinguish two cases: if $"* N A" = () (or, similarly, " N A" =
(), then agent 4 could have achieved the same (or a better) result by not splitting identifiers, and instead
bidding oo on all elements e ¢ A’ N S™. The winning set will stay the same, because 3(S"*) stays the same,
and 3(S) can only increase for other sets S. The payments to agent 7 can only increase, because B " < B,
and both the penalty and the bids of other elements in S™* stay unchanged.

If S$’* contains elements from both A and A", ie., §™ N AY # § and S™ N A # (), then agent 7 can
again increase payments by bidding oc on all elements e ¢ A* N S"*. Now, S’* will also be the winning set
if in addition, 7 does not split identifiers (because the adjusted cost 3(5™*) decreases, while all other adjusted
costs stay the same). But we already saw in the previous case that not splitting identifiers gives the same or
higher payment, while the cost remains the same. Thus, splitting identifiers is dominated by not splitting for
agent ¢.

So we proved that so long as an agent can submit bids of false cost instead, it is never a dominant strategy to
split identifiers. [ |

Lemma 10 can be extended naturally to deal with k-way identifier splitting. Notice that the proof also shows
that the AP is false-name-proof against self-division. The reason is that the AP does not treat two elements in the
winning solution belonging to the same agent any different from one element. Thus, exactly the same proof that
showed that submitting different pseudo-agents for two elements is never beneficial to an agent also shows that
submitting two different elements (owned by two pseudo-agents) instead of one element can never be beneficial.

Theorem 11 For all classes of set systems susceptible to false-name manipulations, AP is false-name-proof. That
is, for each agent i, submitting bids (c,1) for each element e € A" is a dominant strategy.

Proof. By Lemma 10, we can assume without loss of generality that no agent will self-divide or split identifiers.
Thus, each agent 7 submits bids (be,7) for all elements e € A*. If the set S* € F wins under the AP, agent 7’s
utility is
pi —c(STNAY) = BT (b(S*\ AY) + D, (w(S%))) — ¢(S* N AY)
= B — (b(S*\ AY) + D, (w(S*)) + ¢(S* N AY)).
Since B~ is a constant independent of the bids b(e) by agent i, agent ’s utility is maximized when (b(S* \ A?) +
D, (w(S*)) + ¢(S* N A")) is minimized. But this is exactly the quantity that the AP will minimize when agent ¢

submits truthful bids for all its elements; hence, truthfulness is a dominant strategy. Taken together, we have proved
that the AP is false-name-proof against false-name manipulations. [ ]
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The next theorem proves that an auctioneer with a reserve cost of r faces no loss.

Theorem 12 An auctioneer with a reserve cost of r faces no loss. The sum of the payments made by the AP to
agents never exceeds r.

Proof. Because we already proved that the AP is false-name-proof, we can without loss of generality identify
c(e) and b(e) for each element e. When w agents are part of the winning set S*, the payment to agent 7 is

pi = BT —(e(S*\A) + Dp(w)) < r—(c(S*\ A +r— 5e=T) = su-T
Thus, the sum of all payments to agents ¢ is at most w + 57— < 7. [ ]

Remark 13 Since the reserve cost mechanism does not always purchase a feasible set, we cannot analyze its
frugality ratio in the sense of Definition 6. (The definition is based on the assumption that the mechanism always
purchases a set.) Nevertheless, if the auctioneer already has a way of performing the task using a single agent of
cost r, (such as a direct edge with higher cost in a network), we can derive bounds on the frugality ratio of AP
mechanism. These bounds cannot be taken as actual hard guarantees, since we need to assume that the auctioneer
was “lucky” in choosing the right reserve cost.

Specifically, assume that the auctioneer chose a reserve cost v < n2" - max.cg ¢(Te), where S is the cheapest
solution, and the sets T, are defined by the third constraint of Definition 5. Since the total payment of AP does
not exceed r by Theorem 12, and v(¢) > max.cg ¢(T.) by Inequality (1), we obtain an upper bound of O(n2™)
on the frugality ratio, matching that of the MP mechanism. More generally, if the auctioneer chooses an r <
f(n) - maxees c(Te), then the frugality ratio of the mechanism is O(f(n)).

5 Experiments

Since we cannot fully characterize the frugality ratio of AP mechanism analytically, we complement the analysis
of the previous section with experiments for shortest s-¢ path auctions on random graphs. Our simulation compares
the payments of AP mechanism with VCG, under the assumption that there is in fact no false-name manipulation
and each agent owns one edge. Thus, we evaluate the overpayment caused by preventing false-name manipulation.

Since some of our graphs have monopolies, we modify VCG by introducing a reserve cost 7. Thus, if S* is the
cheapest solution with respect to the cost, the reserve-cost VCG mechanism (RVCG) only purchases a path when
¢(S*) < r. In that case, the payment to each edge e € S* is p, = min(r, ¢(S¢)) — ¢(S* \ {e}), where S~ ¢ is the
cheapest solution not containing e.

Our generation process for random graphs is as follows: 40 nodes are placed independently and uniformly at
random in the unit square [0, 1]2. Then, 200 independent and uniformly random node pairs are connected with
edges.* The cost of each edge e is its Euclidean length. We evaluate 100 random trials; in each, we seek to buy a
path between two randomly chosen nodes. While the number of nodes is rather small compared to the real-world
networks on which one would like to run auctions, it is dictated by the computational complexity of the mechanisms
we study. Larger-scale experiments are a fruitful direction for future work.

Figure 2 shows the average social surplus (the difference between the reserve cost and the true cost incurred
by edges on the chosen path, r — )" __. ¢.) in the AP and RVCG, as well as the ratio between the two, when
varying the reserve cost r € [0, 3.5]. The social surplus for both increases roughly linearly under both mechanisms.
While the plot shows that some efficiency is lost by using the AP, it is always within a factor of about 60% for our
instances, and on average around 80%.

Figure 3 illustrates the average payments of the auctioneer. Clearly, small reserve costs lead to small payments,
and when the reserve costs are less than 1.8, the payment of AP is in fact smaller than that of RVCG. As the reserve

*We also ran simulations on random small-world networks [32]. Many real-world networks in which routes must be purchased, such as
truck routes, railroad tracks, natural gas pipeline networks, or computer networks, are known to be small-world networks. Our results for
small-world networks are qualitatively similar, and we therefore focus on the case of uniformly random networks here.
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Figure 2: The evaluation results of social surplus. Figure 3: The evaluation results of payments.

cost r increases, RVCG’s payments converge, while those of AP keep increasing almost linearly. The reason is
that the winning path in AP tends to have fewer edges than other competing paths, and is thus paid an increased
bonus as r increases. We would expect such behavior to subside as there are more competing paths with the same
number of edges.

6 Conclusions

In this paper, we initiated the investigation of false-name-proof mechanisms for hiring a team of agents. In this
model, the structure of the set system may not be completely known to the auctioneer. We first presented a mecha-
nism MP based on exponential multiplicative penalties, which always buys a solution, but is false-name-proof only
when each agent has exactly one element. We proved that MP has a frugality ratio of O(n2"). This is within a fac-
tor of n of optimal for all classes of set systems, as we also proved a lower bound of £2(2") for all false-name-proof
mechanisms.

We also presented an alternate mechanism AP with exponential additive penalties and a reserve cost, which is
false-name-proof even when each agent has multiple elements. We evaluated the AP experimentally; while it has
smaller social surplus compared to VCG, the difference is bounded by small multiplicative constants in all of our
experiments. The payments of the AP mechanism is smaller than the VCG mechanism when the reserve cost is
small. Although the payments increase linearly in the reserve cost, they never exceed the reserve cost.

Many interesting open questions remain. Most importantly, it is open to identify a mechanism which always
purchases a solution, and is false-name-proof even when each agent has multiple elements. This holds even for
such seemingly simple cases as s-t path auctions. It may be possible that no such mechanism exists, which would
be an interesting result in its own right. The difficulty of designing false-name-proof mechanisms for hiring a team
is mainly due to a lack of useful characterization results for incentive-compatible mechanisms when agents have
multiple parameters. While a characterization of truthful mechanisms has been given by Rochet [25], this condition
is difficult to apply in practice. Only recently did Lavi and Swamy [17] present incentive compatible mechanisms
for scheduling on machines based on the condition of Rochet.

It would also be desirable to get the bounds in Section 3 to match asymptotically, i.e., to either remove the
factor n from the upper bound, or tighten the lower bound accordingly. The latter may be difficult, as it is likely at
least as difficult as designing a truthful mechanism for all set systems with frugality ratio within a constant factor
of optimum. Thus, even progress on this question for specific classes of set systems would be desirable.
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1 0312|332 | 352 | 372 | 382 | 392 | 412 | 432 | 452 | 472 | 492 | 512 | 532 | 552
312 | 338 | 342 | 326 | 309 | 288 | 230 | 150 | 50 | -72 | -215 | -378 | -563 | -768

2 | 338 | 363 | 388 | 413 | 425 | 438 | 463 | 488 | 513 | 538 | 563 | 588 | 613 | 638
332 | 363 | 372 | 361 | 347 | 328 | 275 | 200 | 105 | -12 | -150 | -308 | -488 | -688
31342 | 372 | 402 | 432 | 447 | 462 | 492 | 522 | 552 | 582 | 612 | 642 | 672 | 702
352 | 388 | 402 | 396 | 384 | 368 | 320 | 250 | 160 | 48 | -85 | -238 | -413 | -608
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532 | 613 | 672 | 711 | 722 | 728 | 725 | 700 | 655 | 588 | 501 | 392 | 263 | 112

14 | -768 | -688 | -608 | -528 | -488 | -448 | -368 | -288 | -208 | -128 | -48 | 32 | 112 | 192
552 | 638 | 702 | 746 | 759 | 768 | 770 | 750 | 710 | 648 | 566 | 462 | 338 | 192
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T | 916 | 874 | 832 | 790 | 748 | 706 | 664 | 622 | 580 | 538 | 496 | 454 | 412 | 370
916 | 1748 | 2496 | 3160 | 3740 | 4236 | 4648 | 4976 | 5220 | 5380 | 5456 | 5448 | 5356 | 5180

2 | 1748 | 1664 | 1580 | 1496 | 1412 | 1328 | 1244 | 1160 | 1076 | 992 | 908 | 824 | 740 | 656
874 | 1664 | 2370 | 2992 | 3530 | 3984 | 4354 | 4640 | 4842 | 4960 | 4994 | 4944 | 4810 | 4592

3 | 2496 | 2370 | 2244 | 2118 | 1992 | 1866 | 1740 | 1614 | 1488 | 1362 | 1236 | 1110 | 984 | 858
832 | 1580 | 2244 | 2824 | 3320 | 3732 | 4060 | 4304 | 4464 | 4540 | 4532 | 4440 | 4264 | 4004

4 | 3160 | 2992 | 2824 | 2656 | 2488 | 2320 | 2152 | 1984 | 1816 | 1648 | 1480 | 1312 | 1144 | 976
790 | 1496 | 2118 | 2656 | 3110 | 3480 | 3766 | 3968 | 4086 | 4120 | 4070 | 3936 | 3718 | 3416

5 | 3740 | 3530 | 3320 | 3110 | 2900 | 2690 | 2480 | 2270 | 2060 | 1850 | 1640 | 1430 | 1220 | 1010
748 | 1412 | 1992 | 2488 | 2900 | 3228 | 3472 | 3632 | 3708 | 3700 | 3608 | 3432 | 3172 | 2828

6 | 4236 | 3984 | 3732 | 3480 | 3228 | 2976 | 2724 | 2472 | 2220 | 1968 | 1716 | 1464 | 1212 | 960
706 | 1328 | 1866 | 2320 | 2690 | 2976 | 3178 | 3296 | 3330 | 3280 | 3146 | 2928 | 2626 | 2240

7 | 4648 | 4354 | 4060 | 3766 | 3472 | 3178 | 2884 | 2590 | 2296 | 2002 | 1708 | 1414 | 1120 | 826
664 | 1244 | 1740 | 2152 | 2480 | 2724 | 2884 | 2960 | 2952 | 2860 | 2684 | 2424 | 2080 | 1652

8 | 4976 | 4640 | 4304 | 3968 | 3632 | 3296 | 2960 | 2624 | 2288 | 1952 | 1616 | 1280 | 944 | 608
622 | 1160 | 1614 | 1984 | 2270 | 2472 | 2590 | 2624 | 2574 | 2440 | 2222 | 1920 | 1534 | 1064

9 | 5220 | 4842 | 4464 | 4086 | 3708 | 3330 | 2952 | 2574 | 2196 | 1818 | 1440 | 1062 | 684 | 306
580 | 1076 | 1488 | 1816 | 2060 | 2220 | 2296 | 2288 | 2196 | 2020 | 1760 | 1416 | 988 | 476

10 | 5380 | 4960 | 4540 | 4120 | 3700 | 3280 | 2860 | 2440 | 2020 | 1600 | 1180 | 760 | 340 | -80
538 | 992 | 1362 | 1648 | 1850 | 1968 | 2002 | 1952 | 1818 | 1600 | 1298 | 912 | 442 | -112

11 | 5456 | 4994 | 4532 | 4070 | 3608 | 3146 | 2684 | 2222 | 1760 | 1298 | 836 | 374 | -88 | -550
496 | 908 | 1236 | 1480 | 1640 | 1716 | 1708 | 1616 | 1440 | 1180 | 836 | 408 | -104 | -700

12 | 5448 | 4944 | 4440 | 3936 | 3432 | 2928 | 2424 | 1920 | 1416 | 912 | 408 | -96 | -600 |-1104
454 | 824 | 1110 | 1312 | 1430 | 1464 | 1414 | 1280 | 1062 | 760 | 374 | -96 | -650 |-1288

13 | 5356 | 4810 | 4264 | 3718 | 3172 | 2626 | 2080 | 1534 | 988 | 442 | -104 | -650 | -1196 | -1742
412 | 740 | 984 | 1144 [ 1220 | 1212 | 1120 | 944 | 684 | 340 | -88 | -600 | -1196 | -1876

14 | 5180 | 4592 | 4004 | 3416 | 2828 | 2240 | 1652 | 1064 | 476 | -112 | =700 | -1288 | -1876 | -2464
370 | 656 | 858 | 976 | 1010 | 960 | 826 | 608 | 306 | -80 | -550 | -1104 | -1742 | -2464
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Dilemma and Coordination Games—Does Not Facilitate Cooperation”, presented at
2009 Western Economic Association International Pacific Rim Conference, Kyoto, Japan
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Does Economics Education Make Bad Citizens?
The Effect of Economics Education in Japan
Yoshio ITDA, Sobei H. Oda

PHFBE 2T HZ L TEEMN - MICRBRE T2 L0259 TAVAD
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Nominal logistic fit regressions

Experiment Questionnaire
variable Prisoners dilemma Error shipping Lost envelop
constant 1.109 -1.335 -1.83
(<.0001) (<.0001) (<.0001)
econ -0.077 -0.457 -0.257
(-0.4887) (0.0004)** (-0.036)*
sex -0.038 -0.099 -0.492
(-0.7373) (-0.493) (-0.001)**
grade 0.196 0.099 0.492
(-0.0506) (-0.831) (-0.1)
R square 0.0094 0.0358 0.0459
p-value 0.1847 0.0026 0.0002

Note: Decisions were coded as 1 for cooperation and as 0 for betrayal. Responses of all questions
are coded as 1 for “yes” and 0 for “no”. The independent variable “econ” equals 1 if a subject is
economics majors and 0 otherwise; “sex” equals 1 if a subject is male and O otherwise; “grade”
coded as 1 for freshmen, 2 for sophomores, 3 for juniors, 4 for seniors. p-values of coefficients are
in parentheses.  *,** Indicates significance at 10%, 5%, respectively.
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